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viii 
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Vac Volts, alternating current 
Vcc Logic voltage supply for TTL chips (Volts, DC) 
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Vdd Logic voltage supply for CMOS chips (Volts, DC) 
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Vv Logic voltage supply for interface circuits driving 
valve solenoids (Volts, DC) 
W Weight of feed in feed box (kg) 
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ix 
XMIT Circuit or component used to transmit a signal 
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0) Angular frequency (rad/s) 
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LIST OF MAJOR LOGICAL VARIABLES AND DEFINITIONS 
DISl Command disabling all hydraulic drives 
DIS2 Command disabling conveyor drives 
ENDP End of feeding path 
EST Emergency stop command 
LT Signal enabling identification and feeding of left-
handed pens 
t4BFl Return to feedmill command initiated by a mechanical 
failure^ 
MBF2 Return to feedmill command initiated by failure of 
circuit measuring pen length 
MBF3 Return to feedmill command initiated by an unsuccessful 
identification of a given number of pen^ 
MBF4 Return to feedmill command initiated by empty feed 
boxes^ 
MBF5 Return to feedmill command Initiated by the end of 
feeding cycle^ 
MBF6 Return to feedmill command initiated by failure of RCV 
or XMIT circuits or by absence of received signal^ 
MS Manual stop command initiated by operation of switches 
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OVER Command initiated when vehicle overruns marked end of 
feeding path 
PFC Signal generated upon completion of feed delivery to a 
pen 
PWRF Command initiated by a failure of a power supply 
R/PWR Signal generated when power is first applied to system; 
it initializes and resets circuits 
^These commands instruct logic control unit to stop con­
veyors and move vehicle to feedmill. 
xi 
Signal enabling identification and feeding of right-
handed pens 
Successful identification instruction enabling feeding 
delivery to pens 
Successful identification of a pen partially fed 
following exit from feeding mode 
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INTRODUCTION 
Feed handling, processing and distribution are critical 
operations on farms partially or totally involved in the cattle-
fattening and finishing business. 
These operations have been mechanized and are now being 
automated. 
Utilization of automation on cattle farms has been spurred 
by the development of digital integrated circuits and the neces­
sity of keeping down production costs in order to preserve 
profitability of these farms. 
The cattle industry in North America is a very important 
segment of agriculture; it includes many large operations or 
feedlots that can benefit from automation. The United States 
Department of Agriculture (1979) reported 125,520 feedlots with 
fewer than 1000 head of cattle and 1900 feedlots with more than 
1000 head. The larger feedlots, making up 1.5% of feedlots, 
fattened and marketed 18 million head in 1978. This represents 
68% of the total beef produced in the United States. 
Today feed handling and processing operations are mech­
anized and can be fully automated where it is justified by the 
size of the cattle farms. Feed distribution, although mech­
anized, does not lend itself to easy automation because of the 
continuously changing state of the feedlot population and cattle 
distribution within the feedlot. Small feedlots use either con­
veyors or feed-mixer wagons pulled by tractors. The conveyor 
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operation can be automated on small feedlots, while the size 
and layout of larger feedlots preclude the use of conveyors to 
distribute feed to the cattle. For these installations, feed 
must be distributed by feed-mixer boxes or self-unloading boxes 
either pulled by a tractor or mounted on a truck chassis. 
This method of feed distribution, although fully mechanized, 
is labor-intensive, energy-consuming and cannot be automated in 
its present form. Strong incentives towards greater automation 
exist within the cattle feedlot industry to increase productiv­
ity and to counter rising costs of feed and labor. 
Until now, controls for feed distribution in feedlots have 
received little research attention, chiefly because of the 
difficulty and the complexity of safely implementing remote con­
trol of an engine-powered, self-propelled, driverless ground 
vehicle. Previous control studies have concentrated on a self-
unloading and self-propelled driverless transport vehicle that 
responded to tone-coded and tone-transmitted instructions for 
vehicle guidance and feed delivery. Emphasis has been on linear 
control techniques and electro-mechanical controls. Recent de­
velopments in integrated circuits, however, suggest the use of 
the digital approach. Digital control techniques are reliable, 
capable of complex tasks and compatible with the harsh environ­
ment prevailing on farms; moreover, they can make possible the 
automation of feed handling at a reasonable cost and with 
reliable performance. 
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LITERATURE REVIEW 
Automation of feed distribution in feedlots has not been 
studied extensively. However, a limited amount of research has 
been reported on automatic guidance of agricultural equipment 
and automated operation of transportation and material handling 
systems. Because this research relates to automated feed dis­
tribution, the pertinent studies are reported in this section. 
This section is divided into studies involving feeding equipment, 
automation of feeding operations, pen identification and safety 
of automated systems. 
Reasons for Automating Feed Distribution 
Commercial feedlot operations in the U.S. have grown from 
12.9 million marketed head in 1960 to over 26.6 million marketed 
head in 1978. Most of this growth occurred in the south-western 
states. The size of feedlots increased along v/ith the expansion, 
in total production. By 1978, there were 217 feedlots with a 
feeding capacity of 8000 to 15,999 head, 135 with a capacity of 
16,000 to 31,999, and 65 surpassed 32,000 head in capacity 
(USDA, 1979). These large feedlots fed 52% of the total number 
of cattle marketed in 1978. 
Feeding cattle requires a lot of equipment and labor. 
Although the design and operation of feedmills are well-defined 
and modern feedmills use computers to control preparation of 
feed rations, feed handling is still a labor-intensive and 
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expensive operation (Gum and Menzie, 1972; Warnock, 1977). An 
incentive exists to develop a fully automated system for feeding 
cattle in order to reduce feedlot operating costs. Warnock 
(1977) modeled, by use of a computer, the feed processing and 
feeding operations of three feedlots ranging from 18,000 to 
42,000 head. Through simulation, he established that the auto­
mated feeding system was economically competitive with the 
actual eight-hour manual feeding system when the daily feeding 
period was extended to 10 hours. 
Feed Delivery Equipment 
Feeding equipment operated by large feedlots includes con­
veyors, feed trucks, feed wagons and railcars. 
Conveyors 
Conveyors are used on small and a few medium-sized feed-
lots. Feed separation occurs in most bunk feeders^ the problem 
being less important with the augerless conveyors (McFate, 1969). 
The problem is complicated by the fact that it is undesirable to 
move cattle each time their feed is modified. The fixed handl­
ing system is convenient and economical for small herds of less 
than 2000 head. Such conveyors must be operated empty for 
extended periods of time, causing them to wear excessively. 
According to McFate and George (1968) and Badger (1973), the 
maximum practical length of bunk feeders is 133 meters; over this 
length, control systems become too complex and costly. This 
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conclusion may change with the introduction of programmable 
controllers (01ver et al., 1976; Puckett and Olver, 1977). With 
many runs of one-half mile or more, most existing conveyors 
would be much more expensive for a typical feedlot and much less 
flexible for changes of feed rations to pens of cattle. 
Feed trucks 
Most feedlots use trucks to deliver feed from the feedmill 
to the cattle pens. Two types of trucks are used: mixer and 
nonmixer (Elder, 1977). Mixer trucks incorporate conveyors that 
circulate the feed down and back the length of the feed box. 
They are generally used to mix batches of feed ingredients 
loaded at the feed mill. They are also used when a portion of 
the feed, such as silage, is added at some distance from the 
feedmill. Nonmixer trucks generally convey the feed to one end 
of the feed box shearing off the face of the advancing pile and 
discharging it to one side into feed bunks. They are used when 
the complete ration is mixed by the feedmill. 
Hydraulic power is used to operate most conveyors on the 
feed truck. Feed truck capacities range from 4 to 8 tons, the 
6-ton truck being the most popular. Nonmixer trucks have been 
built to 20 tons for some very large feedlots. Most feedlots 
equip trucks with scales to weigh the feed delivered to each 
pen; such scales may include cards and printers. Early warning 
systems have been developed to indicate when the prs=set amount 
of feed to be delivered is approached (Redman, 1978). 
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Feed wagons 
Tractor-pulled feed wagons are mainly used on small feed-
lots. Feed wagons, either mixer or nonmixer, are self-unloading 
and have capacities of about 2 to 4 tons (Redman, 1978). The 
feed wagons may be equipped with electronic scales. The mixer 
feed wagon is very popular on farm feedlots. At least one large 
feedlot^ uses nonmixer feed wagons; five 4-ton wagons, hauled by 
75-kW tractors, distribute feed to 15,000 head. The morning 
feeding run lasts about three hours while the afternoon feeding 
run takes about two and one-half hours. 
Railcars 
At least one feedlot, located in California, uses modified 
railcars to feed over 25,000 head of cattle with a crew of two 
men (Calf News, 1971). The railcars move on standard-gauge 
track. The 20-ton feed cars use hydraulic-cylinder-propelled 
push plates to move feed to cross auger unloaders located at 
both ends of the cars. The cross-augers are operated by 
hydraulic motors. Each car is equipped with a recording load 
cell weight scale for each type of mixed feed. Technical 
specifications of the rail feeding system are listed in Table 1. 
According to Elder (1977), initial costs of the track is 
comparable to the cost of paved feed alleys. Rail equipment is 
more durable than trucks and maintenance costs are low. 
^Personal visit and communication with the owner of the 
Clarence Vos Ranch, Kingsley, Iowa. 
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Table 1. Characteristics of the rail feeding system operated 
by the Stanley Brown Co.^ 
Peedlot capacity: 30,000 head 
Daily feeding periods: 2 
Date of installation: 1934 
Length of track: 8 km 
Maximum grade: 1.5% 
Feeding equipment: 2 feeding cars and 1 powered car 
- Feeding capacity: 10,000 head/h 
- Operating crew: 2-3 men 
Feeding cars: 
- tare weight: 25 tons 
- feed load: 20 tons 
- conveyor drive: hydraulic 
- feed weighing: load cells and digital recording scale 
Powered car: 
- powerplant: 15-kW diesel engine 
- ground drive: hydro-mechanical 
- pulling capacity: 2 feeding cars 
- feeding speed: 3-5 km/h 
System maintenance level; medium 
^Information obtained through personal communication with 
Mr. Howard Brown, Stanley Brown Co., Feed Yard, Santa Maria, 
California. 
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A rather unique application of a rail vehicle has been 
developed for calf feeding (Schmidt, 1974; Farm Building News, 
1978) and marketed since 1973. The feeding system is based on 
an automatic self-propelled calf feeder that travels slowly on 
track down and back to the center of the barn. The machine 
stops at each pen for 1 to 5 minutes, automatically feeding 
calves whole milk or a substitute. It pulls feed carts to 
allow animals to feed on grain and hay after milk is consumed. 
The calf feeder nurses calves automatically every four hours, 
24 hours a day. The function of the machine is controlled by 
an adjustable timer. 
Despite the availability of these other systems, most feed-
lots still use feed trucks to distribute feed to cattle. No 
other feeding system adapted to large feedlots can readily sub­
stitute for trucks. 
Automation of Feeding Operations 
The automation of cattle feeding is being actively studied, 
since feeding is a labor-intensive operation and a highly repet­
itive task. There is general agreement among researchers and 
farm operators that automation increases farm production effi­
ciency (Puckett, 1971; Rushing, 1968) and results in better 
cattle feeding performance (Puckett et al., 1972; Rossing 
et al., 1976). 
Current automated feeding systems of livestock are res­
tricted to relatively small groups of animals. Huizing (1971) 
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developed an automatic feeding machine to meter and distribute 
feed rations to hogs according to their age. The system was 
electro-mechanical and used a monorail feed cart. Jordan 
et al. (1969) used an automated weighing and feeding system 
based on a monorail to determine feed utilization by animals 
on feeding trials. 
Olver et al. (1967), Puckett et al. (1972) and Rossing et 
al. (1976) have developed automated individual feeding systems 
for dairy cows. In the system designed by Puckett et al. (1972), 
each cow wears a transponder around its neck. This device con­
trols the operating time of the stall-feed dispenser. Each 
stall is equipped with an interrogating unit and a feed dis­
penser. The timing circuit of each transponder is adjusted 
according to the cow's milk yield. 
Earlier individual cow feeding systems developed in the 
Netherlands were similar to the American design (Ploegaert and 
Rossing, 1973). In the later models, each cow wears a trans­
ponder that transmits its identification code to a feed con­
troller. The feeding schedule of each cow is programmed into 
the memory of the controller that meters feed to the identified 
cow according to its production (Rossing and Ploegaert, 1975; 
Rossing et al., 1976). 
Puckett (1977) describes various automatic feeding equip­
ment for livestock and poultry. These systems are designed for 
group feeding of livestock and are based on conveyors. 
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Olver et al. (1976) developed an automated feeding system 
adapted to sheep. The unique feature of this feeding system is 
a programmable controller that processes 64 input signals to 
proportion and mix 4 ingredients and to deliver feed to 24 pens 
and 4 other locations. A distributor delivers feed on either 
side of a belt conveyor. The rations and amounts of feed 
delivered to each pen can be easily changed. This computerized 
feeding system represents a breakthrough in livestock feeding 
and can be adapted to group feeding of dairy cows, cattle and 
hogs. Such a system would be suitable to small feedlots with 
covered feed alleys and slotted floors. 
Up to the present, automated feeding systems have been 
based on fixed feed dispensing and conveying devices and provide 
individual or group feeding. They do not adapt to large feed-
lots that are spread out on areas sometimes larger than a 
quarter section of land. 
Feeding vehicle 
The only mobile automated feeding system based on a driver-
less self-propelled vehicle has been built by Puckett et al. 
(1973) at the University of Illinois. A six-ton silage wagon 
was converted to an automatically powered and guided system 
using an electronic control and a buried guidance cable in the 
pathways. 
Thê Illinois machine, called the Filotlëss Prime Mover 
(PPM) travelled on prescribed pathways, delivering feed enroute 
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and metering three concentrates. The PPM feeding vehicle 
responded to instructions programmed in a wire-connected con­
trol panel and to tones transmitted by FM radio or by magnetic 
induction from marker transmitters located along the travelled 
pathway. 
The control system provided 45 discrete commands that were 
obtained with 10 tones applied in pairs. The navigation con­
trols required 33 commands, leaving 12 for other commands 
affecting feed delivery. The 12 commands were used to identify 
10 cattle pens and provide two multiple function commands, all 
systems stop, conveyors stop, and resume speed. 
To select the feed and concentrate delivery rate, the 
vehicle ground speed and conveyor speeds were programmed with 
diodes inserted in a 10 x 16 matrix board. For each of the 10 
pens, the matrix board could generate 16 signals, selecting 3 
feed or forage unloading rates, 3 concentrate rates for the 
three concentrates and two ground speeds. Two signals were not 
allocated. The feeding system could provide 162 feed formulas, 
although in practice the programmed feed rates were limited to 
six, as three unloading rates and two speeds were available. 
The prime mover was powered by a 2 7-kW gasoline engine. 
The power train was hydrostatic and all the conveyor drives 
were hydraulic. A linear actuator motor affected the pump 
swash plate angle and thus the speed and direction of ground 
movement. The speeds of the forage bed conveyor, unloading 
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auger and three concentrate delivery augers were controlled by 
flow control valves. Each flow control valve was positioned 
in 12 steps by an electrically-actuated rotary stepper. The 
control system was built with DTL integrated circuits, discrete 
components and electro-mechanical devices. 
The guided automatic feeding vehicle worked satisfactorily 
and demonstrated that an automatic control system could be 
adapted to cattle in large feedlots. The PPM system was 
designed for dairy operations; it did not provide enough feed 
rates for individual pens whose number may reach 300 in large 
feedlots. The number of identified pens, however, might be 
increased by using three-tone codes to provide 120 tone sets 
with a 10-tone base. The matrix board outputs could be 
expanded to provide more speed settings for the feed conveyors 
and the vehicle. However, the wiring of such an expanded 
matrix board would become too complex and its manual programma­
tion would be unmanageable. 
The automatically-guided feeding vehicle designed and 
built by Puckett and his associates (1973) represents a first 
and unique attempt to automate feed handling in feedlots. The 
prototype has not been built commercially. The safety of a 
driverless and wire-guided vehicle presents a major obstacle 
to its acceptance by operators and safety experts. Problems 
were also encountered with the power source and drives, 
especially when the pathways were humid or muddy. These 
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problems, coupled with limited feed rates, appear to make the 
system inadequate for use in an outdoor feeding operation 
typical of large feedlots. 
Automatic guidance 
The automation of feeding operations in large feedlots 
implies a driverless, self-powered and guided vehicle. 
Driverless automatic tractor systems are successfully used 
in factories and warehouses to distribute parts and goods; the 
tractors are controlled by an underground guide-wire which 
transmits functional commands by inductive coupling. These 
industrial automated handling systems operate in fixed condi­
tions, with the pathways paved and the guidance wire buried 5 
cm below the surface. 
Considerable work has been done on the guidance of tractors 
and self-propelled farm machines in order to increase produc­
tivity and optimize farming operations (Young, 1976). Steering 
automation has been implemented successfully on agricultural 
vehicles (Brooke, 1972; Schafer and Young, 1976). Most auto­
matically-guided agricultural vehicles today, however, are 
experimental. The guidance systems most often use wires which 
transmit a guidance signal. The wire must be buried 30 to 50 
cm below the surface to clear deep tillage tools such as the 
chisel and moldboard plow. The receptors mounted on the 
machine pick up the signal and operate the steering system. 
Good sensitivity and stability of the steering system are 
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difficult to obtain, because the distance between the pickup 
sensors and the buried wire may reach 75 cm and may vary in 
field conditions. All the systems require the assistance of a 
driver who overrides the guidance controls when the machine 
approaches an obstacle. 
Fully automatic and driverless steering based on an under­
ground guide wire has been successfully applied to automate a 
tractor at a large tire test track (Ramsey, 1975). The pilot-
less prime mover built by Puckett et al. (1973) satisfactorily 
tracked a guide wire buried 15 cm; its speed, however, was 
restricted to 8 km/h on curves. 
Trucks cannot be readily automated. Although automatic 
steering can be implemented in them, the operation and syn­
chronization of numerous functions required to control the 
engine, engage the clutch and shift the transmission require 
complex electro-hydraulic circuits. A truck equipped with a 
hydrostatic transmission would be easier to automate. 
No commercial system is available to automate truck opera­
tion. There exists, however, an electronically controlled 
truck developed by a farmer (Lyseng, 1978). The objective was 
to control, from a combine, a grain truck parked in a con­
venient corner of the field. The truck remote-control concept 
was implemented with a remote-control multichannel model air­
plane unit. The use of control transmitters and receivers, 
servos, microswitches and electro-hydraulic valves enables the 
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operator to control the truck throttle, steering, ignition, 
lights, clutch and brakes if required. 
This concept of a remote-controlled truck is not really 
automation as an operator is required to operate the truck func­
tions and to keep the truck in sight. The concept, however, 
could lead to full automation, if coupled with automatic 
steering. 
Railroads 
Rail transportation leads readily to automation because 
vehicles are guided by rails, thus eliminating guidance and 
steering circuits. In the United States, two captive railroads 
moving coal have been designed and built for a fully automatic 
operation (Corns, 1979). The unmanned trains cycle back and 
forth between a mine and a power plant at speeds up to 80 km/h. 
One robot railroad has been operating very satisfactorily for 
10 years; the other automated railroad, built five years ago 
was plagued by numerous problems and is now being operated by 
a crew. 
Automated train control systems have been adopted by many 
rapid-transit systems; some automated transit systems perform 
well (Corns, 1979) while some have suffered from serious control 
problems (Friedlander, 1973a, 1973b). Automatic control systems 
for trains and rapid-transit systems must meet exacting opera­
tional and safety requirements because of the high speeds, the 
heavy train weight and the multiple-train operation of rapid-
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transit transportation. 
An automated rail feeding vehicle would neither require 
the redundant and fail-safe control circuits of rapid-transit 
systems, nor have to comply with railway standards. Such a 
vehicle would travel at speeds less than 16 km/h and carry a 
load that would not create a hazardous situation in case of a 
failure. Moreover, feedlots are usually restricted to person­
nel and their animals are held in pens, so that basic safety 
requirements would be easier to meet. 
Pen Identification 
Automatic pen identification is a requirement of an auto­
mated feeding system in a large feedlot. Feedlots have 
numerous pens holding cattle whose number may vary because of 
disease and mortality, and whose continuous growth requires 
periodical feed rate adjustments. 
Pen assignments and feeding schedules may be readily 
programmed and stored in various electronic data storage 
devices, whose contents may be altered any time through repro-
gramming (Lancaster, 1977, 1978). To use these devices (called 
memories) each pen must be identified by a digital code. 
Identification code 
Pen identification may be realized either by multi-tone 
coding or by pulse-code modulation (PCM). Multi-tone coding 
was used by Puckett et al. (1973) to recognize pens; it was 
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also used to identify cows in order to achieve individual 
feeding control and to record milk yield (Bridle, 1974, 1976) 
or to monitor physiological parameters (Baldwin et al., 1974). 
The multi-tone coding technique consists of the transmis­
sion of a small group of p-tone frequencies out of a large 
number n electronically generated tones. The combination of 
grouped tones with repetition produces many discrete signals as 
given by the Equation 1; 
" = P!(n-P)! <!' 
Puckett et al. (1973) obtained 45 commands with 10 tones 
transmitted in pairs; the number of discrete signals can be 
expanded by using a three-tone code which provides 120 tone 
sets with a 10-tone base. Bridle (1976) used two-tone codes 
with a 20-tone base to identify cows, providing 190 cow identi­
ties. Narrow-bandpass filters and decoding circuits identify 
tone sets and convert them into commands or identification 
numbers. 
The multi-tone coding technique uses a frequency band that 
is split into a number of discrete frequencies, and tuned 
devices that respond to these frequencies. The selectivity of 
the tuned circuits and the possible changes in component values 
control the spectrum that each frequency requires. A practical 
system can easily accommodate only about 20 discrete frequencies. 
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Combination of these frequencies provides up to 190 different 
identities, but this is considerably fewer than required on 
large farms and feedlots. The difficulties associated with the 
tuning of each transponder and frequency drift due to tempera­
ture and aging have prevented extensive use of identification 
devices based on the multi-tone technique. 
The pulse-code modulation or PCM technique has been applied 
only recently for cow identification (Rossing and Ploegaert, 
1975; Street, 1979). The pulse-code modulation technique con­
verts the code number into its binary representation and trans­
mits as pulses the digits of the binary representation of the 
code number. The PCM transmission directly yields the code 
number in a binary form which is readily converted into a 
decimal form. The possible number of cow or pen identifies 
offered by the PCM system varies with the number of binary 
digits used, according to the Equation 2: 
N = 2^ (2) 
Unlimited numbers of unique identities may be generated 
with the PCM technique by using the appropriate number of 
digits. The PCM coding systems can be built with digital inte­
grated circuits which have good immunity from electrical inter­
ference and temperature-induced voltage drift. 
The cow PCM identification and transmission system 
developed by Rossing and Ploegaert (1975) works very well and 
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commercial models of this system are proving viable. Cow trans­
ponders with PCM coding are now replacing the first generation 
of transponders using multi-tone coding. 
Code transmission 
In feedlots, the properly coded pen number must be trans­
mitted from a fixed station to a mobile receiver mounted on a 
vehicle and using electromagnetic energy. Cow identification 
presents a similar situation, except that the transmitter is 
attached to the cow's neck and the receiver is fixed. 
Many transmission schemes have been studied for animal 
identification (Hanton, 1974). The number of the cow is 
usually passed on by a passive transponder which comprises 
three sections: powering, encoding and retransmission (Bridle, 
1974 and 1976; Ploegaert and Rossing, 1975; Rossing and 
Ploegaert, 1976). The passive transponder, which uses no bat­
tery, is powered by induction through coupling coils placed in 
the receiver. The inductively transferred power is rectified 
and supplies power to the encoder and the low power radio trans­
mitter in the transponder. A retransmission frequency of 26.9 
MHz was used by Bridle (1976) . Ploegaert and Rossing (1973) 
have used frequencies varying from 175 to 945 kHz. 
Retransmission power of a few milliwatts is sufficient 
because the manger and feed stall are so arranged that the 
transponder is very close or comes into contact with the 
receiving coils of the receiver. 
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Puckett et al. (1973) used standard frequencies ranging 
from 368.5 Hz to 600 Hz. The oscillator transmitter antennas 
were placed about six inches underground; oscillator output 
delivered approximately 20 milliamperes AC to a seven-turn 
antenna coil. The signals were picked up by a loop antenna 
mounted on the vehicle and then filtered by narrow-band filters. 
The reliability of the transmission system is unknown because 
the only prototype built was experimental and operated for only 
a short period. 
The identification and transmission schemes designed for 
cow and pen identification perform very well and have a very 
small probability of error due to noise (Bridle, 1976). Their 
long-term reliability is difficult to evaluate because their 
development is recent and their use is still very limited. The 
first generation of coding systems used grouped discrete fre­
quencies whose stability determines the overall system relia­
bility. The second generation of coding systems relies on 
pulse-code modulation to identify cows and systems are now built 
and marketed by some dairy equipment manufacturers. The com­
mercial introduction of the PCM coding scheme indicates super­
ior performance of this scheme over the multi-frequency coding 
scheme. 
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Safety Considerations 
Safety has become a major issue and must be given full 
attention in designing an automated system. Researchers 
(Brooke, 1975; Jahns, 1975; Jahns and Mol1er, 1975) have devoted 
much attention to the safety of an automated agricultural 
vehicle as new occupational and safety regulations are now 
becoming more stringent and complex. Their efforts have been 
concentrated on failure modes and obstacle detection. 
As with any type of automated vehicle, a major area of 
concern is failure of vehicle and guidance controls. In case 
of failure, two major conditions may prevail: 
- those where the possibility of damage to life and 
property exists and 
- those that will not endanger life or property. 
Another problem rises in case an obstacle is detected. 
These are two possible solutions; 
- the equipment stops and restarts itself after either 
having signalled or not signalled the failure; 
- the equipment stops and waits until a routine check. 
No safety standards prescribe a given solution but industrial 
standards will likely be applied. 
Puckett et al. (1973) stressed the need to develop methods 
of detecting obstructions before any automated feeding unit can 
be suitable for commercial use. Brooke (1975) pointed out that 
obstacle detection equipment must sense the approach of persons 
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or animals from any direction and stop the vehicle if there is 
any risk. 
Safety problems created by driverless vehicles have neither 
been fully identified nor resolved. No specific regulations 
address driverless or operator-assisted automated agricultural 
machinery. Preliminary safety proposals have been drafted 
(Brooke, 1975) and are under consideration by some government 
agencies. 
Guidelines to improve safety of automated trains have been 
summarized by Friedlander (1973b), and some of his basic 
philosophy might be retained for safety in automated feed 
vehicles. 
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OBJECTIVES 
The overall objective of this research work is to study 
and develop digital electronic controls to automate feed dis­
tribution in feedlots. Previous studies indicate the economic 
and technical feasibility of an automated feeding system 
adapted to feedlot operations, but automation of feed distribu­
tion in feedlots has not been studied in detail. Establishment 
of requirements for a practical automated feeding system are 
needed in order to design a digital control system. 
Specific objectives are threefold: 
1. To determine the operational criteria of an automated 
feed delivery system based on a guided feeding vehicle. 
2. To develop the control system functions and an appro­
priate control scheme to automate feed distribution. 
3. To design a digital electronic control system capable 
of ioplemsnting the required control functions. 
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PROCEDURE AND RESULTS 
The procedure and results of this investigation may be 
divided into two informally defined sections: (1) the develop­
ment of a rational concept for the control system of an auto­
mated self-propelled feeding vehicle and (2) the design of a 
practical digital control system capable of implementing the 
proposed scheme. 
The control approach to automation of feed distribution is 
restricted to conventional feeding equipment and control 
systems whose reliability and/or feasibility have been demon­
strated through research and feedlot experience. Some develop­
ment is based on current design trends incorporated into recent 
industrial and agricultural equipment. The features of this 
equipment are described in current technical literature 
distributed by manufacturers; however only the most important 
bulletins ar© referred to in this discussion^ 
The resulting control procedure is translated into indi­
vidual function modes which can be described in terms of static 
and sequential logic. Implementation assumes the use of stand­
ard input sensors and digital electronic components. 
Operational Criteria for the Peed 
Distribution System 
The design of a digital control for an automatically con­
trolled feed distribution system is based on a self-propelled 
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vehicle moving in feeding alleys between rows of pens. The 
feed distribution vehicle must meet the following operational 
requirements ; 
- automated operation 
- rail guidance 
- monitoring of delivered feed 
- speed control of conveyors and vehicle 
- monitoring of vehicle functions 
- monitoring of safety-related parameters 
- feedlot layout identification 
- manual operation 
- self-propelled vehicle and hydraulic drives 
- electrical power source aboard vehicle. 
The following discussion outlines the basic features that 
must be considered for the development of a control scheme 
suitable for automatically controlled operations for feedlots. 
Automated operation 
Fully automatic feeding systems can eliminate manpower, 
such as truck drivers required to deliver feedstuffs in the 
feedbunks, reduce feedlot operating costs and help increase the 
feedlot rentability. Cattle feeding currently requires one six-
ton feed truck per 7,500 head (Warnock, 1977). in typical feed-
lots, labor costs (Gum and Menzie, 1972) represent about 20 per­
cent of the variable operating costs, while feedmill and truck 
operators costs amount to nearly 30% of the total labor cost. 
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Warnock (1977) investigated the intact of an automated 
feeding system upon the operating costs and feeding performance, 
considering three different monetary schedules and different 
sizes and numbers of feed trucks. For all cases, the annual 
costs incurred for the 10-hour automated daily feeding period 
were nearly equal to those for a manual 8-hour daily period. 
The 12-hour automated feeding period produced the least costs 
of all systems studied, either manual or automated. The 
competitiveness of the automated system with the existing manual 
delivery system increases as the daily feeding period is 
extended to more than 10 hours. Moreover, an automated feeding 
system requires a smaller feed mill, since it can be operated 
for longer daily feeding periods. 
Present technology has made the automation of the feeding 
operations possible and economically attractive. The driver-
less prime mover system developed by Puckett (1971, 1973) and 
various types of automated crane stackers and cars operating in 
warehouses and factories have shown the potential of a driver-
less feeding system on feedlots. 
Rail guidance 
Rail guidance of a feeding vehicle will simplify control 
systems, provide a uniform roadbed and result in a safer opera­
tion. 
Control system Inductive wire guidance systems require 
complex electronic and hydraulic systems (Schafer and Young, 
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1976; Young and Schafer, 1977). Puckett et al. (1973) 
designed and built a driverless wire-guided vehicle which, 
although tracking the wire, required 33 additional commands 
out of 45 for navigation controls in order to recognize the 
feedlot features, leaving only 12 to identify 10 pens and to 
control feed delivery and other functions. 
On the other hand, a rail system provides positive guid­
ance and is likely to yield a more reliable and simpler 
feeding system, since it eliminates complex guidance circuits. 
The use of feeding carts or vehicles moving on rail is not 
new; a large western feedlot (Elder, 1977) has been using 
modified railway cars since 1934 to feed 30,000 head. A com­
mercial calf feeding system based on a cart moving on rails 
has been successfully used by calf producers with significant 
increases in productivity and management performance (Schmidt, 
1974; Farm Building News, 1978). 
In addition, monorail-type feeding systems have been 
designed and built for research purposes (Jordan, 1969) and 
for commercial applications (Huizing, 1971). industry has 
been using automated handling systems based on wire-guided 
and driverless vehicles for many years. Guidance of automated 
vehicles is easier to implement in industrial plants, because 
the signal wire is buried about two inches below a paved and 
regular surface and the distance between the wire and the 
receiving coil is small and uniform. 
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Uniform traction requirements Energy must be expended 
to move a slow vehicle on a surface in order to overcome 
rolling resistance and grade resistance. Rolling resistance, 
RR, is the force required to propel a vehicle over a particular 
surface. Rolling resistance is linked to the vehicle's gross 
weight, GVW, and to the coefficient of rolling resistance, Crr, 
by the Equation 3: 
RR = GVW X Crr (3) 
The coefficient of rolling resistance depends upon the 
bearing surface and is listed in Table 2 for typical surfaces. 
Because feeding roads are not paved, the average coefficient of 
rolling resistance has been shown to be not less than 0.022 in 
typical feedlots located in dry regions (Eaton Corporation, 1977) 
Grade resistance, GR, is the force required to move a 
vehicle uphill or up a "grade"; it is proportional to the 
vehicle weight, GVW, and grade, G by Equation 4: 
GR = Hor (4) 
In considering traction requirements for this study, air 
resistance can be neglected because of the low speeds utilized 
in feeding operations. 
The traction power, Pt, required to move a vehicle at a 
constant low speed, S, is given by the Equation 5; 
Ft = "^600°"' S <5> 
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Table 2. Coefficient of rolling resistance for different 
surfaces (Eaton Corporation, 1977) 
Surface Coefficient of 
rolling resistance 
Rail: 
Steel - steel 0.012 
Tire and road surface: 
Concrete, excellent 0.010 
Concrete, good 0.015 
Concrete, poor 0.020 
Asphalt, good 0.012 
Asphalt, fair 0.017 
Asphalt, poor 0.022 
Macadam, good 0.015 
Macadam, fair 0.022 
Macadam, poor 0.037 
Cobbles, ordinary 0.037 
Cobbles, poor 0.055 
Snow, 5 cm 0.025 
Snow, 10 cm 0.037 
Dirt, smooth 0.025 
Dirt, sandy 0.037 
Mud 0.037 to 0.150 
Sand, level soft sand 0.060 to 0.150 
30 
Rail guidance presents uniform traction conditions under 
most weather conditions while dirt roads may deteriorate, 
increasing the rolling resistance and even impeding feeding 
operations. A rail guidance system requires a low and pre­
dictable tractive power and results in considerable energy 
savings, as exemplified by the California rail feeding system 
(Table 1). Reliability will also be higher since a rail 
vehicle does not get stuck except in deep snow. 
Safe operation Rail guidance lessens safety problems 
associated with driverless automated feeding vehicles. Rails 
define the travelling path of a rail feeding car and eliminate 
guidance controls. Failures in rail guidance, such as derail­
ment, would likely result in only minor damage as speeds are 
low. Guidance by a buried wire and inductive control presents 
more safety risks than rail guidance because contact with the 
wire buried deeply may be lost; furthermore, field geometry, 
obstacles and soil conditions are not known to the control 
system. Hence any failure could damage life and property. 
The excellent performance and safety record of Brown's 
rail feeding system^, although manned, indicate that an auto­
mated rail-guided vehicle will provide an acceptable safety 
level at least with respect to property and animals The safety 
record of many automated trains has been excellent (Corns, 1979). 
^Personal communication with Howard Brown Co., Santa 
Maria, California. 
31 
The design of a digital control system for a rail^guided 
feeding vehicle must involve safety considerations and include 
provisions to implement safe operations; however, it is beyond 
the scope of this work to come up with a design integrating 
all safety concepts and complying with regulations. 
Monitoring of delivered feed 
It is desirable to deliver feed evenly along the total 
length of each pen's feed bunk. Using judgment and scale read­
out, most truck drivers attempt to distribute the feed uni­
formly along the bunk, but they may have to back up after 
reaching the end of the bunk to deliver the assigned quantity 
of feed. 
In a time and motion study of feeding operations, Warnock 
(1977) divided the feeding time into primary and secondary feed 
transfers. Primary feed transfer is the time required to dis­
charge feed into a bunk on the first pass, while secondary feed 
transfer is the time required to place additional feed in a 
bunk if the correct quantity was not delivered during the 
primary feed transfer event. Trucks move in reverse while pro­
viding feed on secondary feed transfers. Warnock (1977) 
reported that secondary feed transfers occurred at approximately 
50 percent of the pens fed at one feedlot and 58 percent of the 
pens fed at another feedlot; secondary feed transfer required 
nearly 33 percent of the total feed transfer time at both feed-
lots. Moreover, most minor truck accidents and incidents of 
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feed bunk damage occur during secondary feed transfers, since 
a driver's vision is impaired when his truck is moving back­
wards . 
An automated feeding vehicle must distribute feed uni­
formly along the length of each bunk according to a given feed 
rate, PR, in order to eliminate secondary feed transfers and 
resulting time losses. This objective can be achieved through 
continuous monitoring of delivered feed and control of feed 
rate and speed. Digital weighing devices coupled to digital 
logic and control circuits will allow more efficient feeding 
operations. 
Feed metering 
Feedlots (Elam and Grainger, 1977) may contain from 50 to 
300 pens; a typical feedlot pen holds 100 to 300 head. Each 
pen contains a given number of animals at a given stage of 
growth, thus requiring a particular ration and different 
quantities of feed for each pen. 
An automated vehicle shall vary the feed rates according 
to the pen size, cattle number and age to obtain uniform feed 
distribution in the bunk and eliminate secondary feed transfer 
runs. The speed of the unloading equipment and the vehicle 
ground speed must be varied to produce the required feed rate. 
Vehicle speed control 
The feeding control system shall control both the direc­
tion of travel and vehicle speed. 
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The control system shall provide two speed ranges, a high 
speed range to move the loaded vehicle from the feed storage 
area or feedmill to the feeding area and to move the empty 
vehicle back to the loading area, and a low speed range to 
deliver the feed. On typical feedlots, feed trucks move at a 
maximum speed of 24 km/h on feedlot roads. The forward speeds 
for delivery range from 2.5 to 5 km/h. In order to avoid 
crowding of cattle at one end of the feed bunk, the minimum 
vehicle speed (Badger, 1973; McFate, 1969) should be about 1.6 
km/h. 
The automated vehicle built by Puckett (1973) provided 
three preset forward speeds for feeding and two forward and two 
reverse speeds for travelling. The feeding speeds were 2.5, 
5,9 and 6,4 km/h and were pre-programmed before feeding; the 
maximum forward speed was 23.7 km/h. 
The control system shall provide continuous speed varia­
tion or sufficient speed settings to allow even feed distribu­
tion and eliminate secondary feed transfers. 
Monitoring of vehicle conponents 
Control circuits of the automated vehicle shall monitor 
the basic functions of the power train and the power plant and 
take proper action in case of mechanical failure or malfunc­
tions. Depending upon the type and the severity of the mal­
functions or failure, the vehicle could either come to rest and 
require manual restart or stop feeding and return to the feed-
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mill or its parking lot. As an example, low fluid level, 
engine overheating, or conveyor stoppage may permit the vehicle 
to move back to a repair area, whereas loss of oil pressure 
will command immediate shut down of the vehicle to avoid major 
damage. Vehicle malfunctions will be visually displayed by the 
control circuits to facilitate troubleshooting and repair. 
Monitoring of safety-related parameters 
Safe operation of an automated vehicle is essential and 
shall be built into the control system if such a vehicle is to 
comply with current safety regulations and to gain acceptance 
among feedlot operators (Puckett et al., 1973; Jahns, 1975). 
The control system must monitor safety parameters related to 
life and property. As an example, obstruction detection equip­
ment will detect physical obstacles such as animals or people 
and will stop the vehicle; vibration or level sensors will 
detect the derailment of a railguided vehicle and shut down the 
vehicle. 
The discussion and selection of safety devices are beyond 
the scope of this work. The design, however, should 
incorporate recommended safety features (Brooke, 1975; Jahns, 
19 75) and present circuits to meet basic safety requirements. 
Safety requirements for a rail vehicle need less consideration 
than do those for a vehicle guided by a buried wire. Rails 
represent a physical if not a psychological restraint and 
appear "safer" to most people. In contrast, a wire-guided 
35 
ground vehicle, losing its guidance signal or developing a mal­
function in its guidance circuits, is likely to become erratic 
and unpredictable and to cause major damage; such a situation 
is of great concern to safety experts. 
Feedlot layout identification 
The control system operating the automated vehicle should 
identify such important feedlot characteristics as 
- feed storage or feedmill area 
- feeding area 
- individual pens 
- feeding paths - end and beginning 
- travelling paths - end and beginning. 
The identification of feedlot features by the automated 
vehicle is essential to set speed, deliver feed, initiate and 
terminate feeding cycles. 
Manual operation 
As with any automated machine, a manual mode is essential 
in case of malfunction of the automatic control system. Since 
cattle must be fed every day according to a schedule, the auto­
mated vehicle must then be designed to operate unmanned or to 
revert to manual operation in order to feed cattle on schedule. 
Self-propelled vehicle and hydraulic drives 
Although the design of mechanical components of an auto= 
mated vehicle is not covered in this work, an assumption has to 
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be made regarding the type of power plant operating the vehicle. 
The vehicle moving in large feedlots will likely be self-
propelled and powered by an internal combustion engine although 
electric propulsion might be used. 
Power plant Electrical vehicles suitable for feeding 
operations in feedlots are presently not available. The energy 
and power densities of present batteries are insufficient and 
preclude their use on trucks (Hamlem and Christopher, 1971). 
Puckett et al. (1973) first equipped the guided vehicle with 
an electric propulsion system but afterward had to revert to 
an hydrostatic transmission driven by an internal combustion 
engine because the battery energy density limited the total 
operation time and restricted the vehicle operation over hard 
surfaces. Recent research on batteries shows promising develop­
ments (Wise, 1977); electrically-powered heavy-duty trucks and 
long-range cars, however, are still in the future. 
It will be assumed that the vehicle is powered by a 
diesel engine as this engine is more economical and requires 
less maintenance for feed trucks (Elder, 1977). Although the 
control system will monitor basic parameters of the engine and 
command its shutdown in case of emergency or failure, its 
starting procedure will still be manual. The engine will oper­
ate at a constant speed set by a speed governor. 
Conveyor and ground drives It will be assumed that the 
conveyor drives and the vehicle ground drive are hydraulic. 
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Hydraulic drives (Holzbock, 1968) can generate high torques at 
low speeds, which characterize mobile feeding equipment. 
Furthermore, speed modulation and shaft rotation inversion is 
easily obtained with simple circuits. Modern hydraulic compo­
nents, especially hydrostatic motors, have good speed regula­
tion for a wide range of loads and speeds (Sundstrand, 1972). 
This interesting feature allows a fairly accurate control of 
feed rates in an open-loop configuration. Modern feed trucks 
currently use hydraulic power to operate feed unloading equip­
ment. Puckett et al. (1973) used hydraulic power to drive the 
feed metering and unloading system of their automated vehicle; 
the transfer function of the conveyors was fairly linear. 
Electrical power source aboard vehicle Electrical 
power is required to operate the hydraulic valve solenoids and 
power the logic circuits. It will be assumed that a 120-Vac, 
60-Hz alternator is mounted aboard the vehicle and driven by 
the diesel engine operating at a constant speed. 
Design Procedure for the Control System 
This section identifies the typical variables that must be 
used as inputs to the control system, and the output variables 
that must be controlled to enable automated feeding of feedlot 
cattle by a guided feeding vehicle- The basic configuration 
of the vehicle and its feed-handling equipment is outlined with 
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the sole purpose of clearly identifying the input and output 
signals to be processed or generated by the control system. 
The following analyses will lead to flow diagrams describing 
the logic operations to be implemented by the control system. 
Feedlot layout 
The design of the vehicle control system is based on the 
feedlot layout presented in Figure 1. Feedlot characteristics 
that are considered are as follows: 
1. Feedlot with a feedmill and a maximum of 255 pens. 
2. Single feeding path consisting of two rails for 
vehicle guidance. 
3. Two rows of pens located on either side of the 
vehicle and numbered in increasing order from feed-
mill location. 
4. A feedmill with a loading area to fill vehicle feed 
boxes. 
5. A parking or garage area to park the vehicle when not 
in use. 
6. Marker posts to indicate the limits of the travel path 
and the pen rows. The markers are located at these 
points of the feedlot: 
- feedmill. The marker PMST instîfuets the control 
logic to stop the vehicle; 
- beginning of rows. The marker BGNP instructs the 
control logic to enable feeding; 
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Figure 1. Feedlot layout used for development of control system 
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- end of pen rows. The marker ENDP instructs the 
control logic to stop the vehicle and move it 
towards the feedmill. 
7. Overrun markers, labeled OVER, located at the feedmill 
and at the end of pen row. These markers stop the 
vehicle if the control unit ignores or misses stop 
signals of markers FMST and ENDP. 
8. Identification markers, located at the beginning of 
each pen, to identify the pen. 
Identification of feeding path limits 
The automated vehicle shuttles back and forth between the 
feedmill and the pen area. The automated feeding vehicle must 
come to a complete stop at the feedmill loading station and, at 
the end of the feeding path, must stop and reverse its direction 
of travel (Fig. 1). Sensing the beginning of the feeding path 
causes the feeding operations to start. The vehicle, under 
manual control, moves to the garage and parking area. 
The control logic must know the vehicle position with 
respect to the feedmill, the beginning and the end of the 
feeding path to initiate proper sequence of operation. The 
identification is realized with reed switches actuated by 
permanent magnets mounted on posts along the feeding path at 
the location already mentioned. The reed switches are to be 
fixed to one side of the vehicle truck which contains the wheel-
axle assembly, the vehicle suspension and body bearing plates; 
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therefore, the position of the magnetic sensors with respect to 
the fixed magnets will be affected neither by the deflection of 
the vehicle suspension, nor by the amount of feed in the boxes. 
Feedlot parameters 
Data describing the feedlot must be entered into the con­
trol system for feeding to proceed. Data describing the indi­
vidual pens are permanent. Data describing the content of the 
pens are time and operator dependent. 
Permanent data The following permanent data are 
entered into the control system 
1. Pen number. 
2. Pen length. 
3. Pen location with respect to feeding path. 
The data are stored into permanent nonerasable memory 
chips called PROMS or ROMS. Pen location is represented by a 
logical "0" or "1" code. A "1" represents a pen located in the 
right row, while a "0" represents a pen located in the left row. 
This code enables the control logic to command feed delivery on 
the vehicle side where the pen is located. 
Time-dependent data The number of cattle in a given 
pen is fairly constant from the time of arrival in the pen for 
fattening to departure. The size of the animal changes with 
time; thus, the quantity of feed and the composition of the 
rations are usually changed once a week (Elam and Grainger, 
1977). Occasionally pens may be emptied for cleaning or 
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disease control or some animals may be removed for health 
reasons or for death. The variables are too numerous to be 
entered in a simple control system. 
It is suggested that only the quantities of feed required 
by each pen be entered into the control system, along with the 
type of ration. Feed truck drivers are given a listing of feed 
weights for each pen and deliver feed accordingly (Elder, 1977). 
The time-dependent data to be stored are 
1. Quantity of feed for each pen, PF. 
2. Type of feed ration. 
The feed ration #1 is identified by a logical "1" and the 
feed ration #2 by a logical "0." This ration code enables the 
control logic to actuate the correspondent conveyor drives. 
Time-dependent data are stored in erasable memory chips, 
called BPROMs, which retain data in case of power loss. These 
chips can be reprogrammed over and over by special programmers 
coupled to mini-computers operated by most feedlots (Hammond, 
1978). 
Pen identification 
The pen identification system occupies the central posi­
tion of the automated feeding system. Each pen is assigned a 
number coded according to the pulse-code modulation technique 
or PCM and then digitally transmitted using the frequency-shift 
keying modulation or FSK technique. The signal is transmitted 
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by a stationary transmitter to a receiver mounted on the feed­
ing vehicle. 
Binary representation of pen number The decimal pen 
number is converted into its binary representation. An 
arbitrary decimal number N is represented by the sequence 
Kg f ^0' which the K*s are determined from the equa­
tion: 
N = + + + Kq2° (6) 
with the added constraint that each K has the value 0 or 1. As 
an example, the binary representation of the number 83 is 
1010011. Each 1 and 0 is called a binary digit or bit. The 
group of "0" and "1" form a binary word. 
The number of bits in a binary word determines the number 
of possible code numbers- A binary code consisting of n bits, 
generates 2^ unique binary digit sequences. An 8-bit code 
yields 256 binary words Or code nûïubérS. If the code nuiubër 
00000000 or number 0 is excluded, 255 pens may be identified 
by an 8-bit code. Rossing and Ploegaert (1975) designed a 
similar cow identification system based on 8 bits. 
Pulse-code modulation (PCM) The pulse-code modulation 
is a system of transmission in which the digits of the binary 
representation of the code number are transmitted as pulses. 
The essential features of binary PCM are shown in Figure 2. 
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Figure 2. Digital representation of decimal number 83 
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Binary numbers are represented by pulses in Figure 2a. At 
the receiver, in order to reconstruct the binary signal, it is 
necessary to determine whether a pulse is present or absent. 
The guard time between the pulses is tg. There is an advantage 
in making the pulse as wide as possible, since it becomes 
easier to recognize a pulse against background noise. The 
elimination of the guard time between pulses produces the wave­
form shown in Figure 2b, which now consists of a sequence of 
transition between two voltage levels. The digit "1" is repre­
sented by the voltage level V while the digit "0" is repre­
sented by the zero voltage level. The guard time is profitably 
and usually eliminated (Taub and Shilling, 1971; Bennett 
1978). The transmitted signal must be coded so that the 
receiver is able to distinguish between two adjacent identical 
digital bits. 
The PCM waveform must be modulated for transmission using 
either emplitude or frequency modulation. Frequency modulation, 
FM, is commonly used as it is very simple to implement and is 
extremely rugged in the presence of signal pertubation and dis­
torsion. In frequency modulation, the signal v(t) has the form 
v(t) = [A cos w^t + 0(t)] (7) 
in which the amplitude. A, and the angular frequency, are 
constant, but in which the phase angle, <p(t), is a function of 
the base or modulating signal. The carrier frequency, fo, is 
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equal to the angular frequency divided by the factor 2Tr, The 
waveform v(t) is modulated in frequency. FM finds wide appli­
cation in low-cost low-speed transmission systems (Taub and 
Schilling, 1971; Bennett, 1978). 
When modulating with a binary signal, the signal v(t) 
swings between two frequencies, the mark frequency and the 
space frequency. The mark frequency represents a "1" and the 
space frequency a "0." In data transmission, binary FM is 
called frequency-shift keying or FSK modulation. In FSK modu­
lation, the binary signal generates a waveform 
in which the plus or the minus sign applies, depending on 
whether the bit is a "1" or a "0." The transmitted signal, 
then, is of amplitude A and has an angular frequency + Aw or 
- Aw, with Aw a constant angular frequency offset from the 
carrier frequency w^. 
The standard frequencies used for data transmission in 
North America are listed in Table 3. 
Table 3. FSK standard frequencies for data transmission 
v(t) = A cos (w^ ± Aw)t ( 8 )  
Mark 
(Hz) 
Space 
(Hz) 
1270 1070 
2025 2225 
2125 2975 
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The 2125 and 2975^Hz FSK frequencies are used as subcar-
carrier tones for radio data links, such as radio teletype and 
ham transmission (Long, 1976; Lancaster, 1978). The other 
frequencies are used for data transmission over telephone lines; 
the frequency shift is 200 Hz between a mark and a space. 
Modem Modem or modulator-demodulator are devices used 
to modulate the signal to be transmitted and to demodulate the 
received signal. Over 90% of modems use FM transmission and 
virtually all FM modems are binary and contain either or both 
FSK modulators and demodulators (Motorola, 1976; Lancaster, 
1978). 
UART If a code number consisting of up to 8 digits is 
to be transmitted over a single line and recovered at the 
receive end, parallel-to-serial conversion and serial-to-
parallel conversion must be made. The circuits going from 
parallel-to-serial and back again are called serial interface. 
Although the conversion can be made with shift registers, this 
solution is to be avoided because the circuits tend to be 
complex and specialized. 
There exists an industry-standard, single integrated cir­
cuit called a UART, short for Universal Asynchronous Receiver 
Transmitter. A UART performs all the conversions along with 
providing all the control bits, signals and noise immunity pro­
visions. 
48 
A UART is specified to serialize the parallel bits making 
up a pen code number; the serialized data are presented to a 
modem for FSK modulation. At the receiving end, a UART is 
required to convert the serial stream of received data and re­
cover the pen number. 
Transmission Serial transmission can be synchronous or 
asynchronous. In synchronous transmission, the data words are 
locked into system timing; a synchronous transmission is 
used when more than 1200 bits per second are to be transmitted 
(Lancaster, 1978). 
With asynchronous transmission, the data words are not 
locked into system timing and can arrive with almost any spacing 
between words. To identify the beginning and the end of a word, 
the UART transmitter adds control bits, called "start" and 
"stop" bits, to the data. The UART receiver decodes the "start" 
and "stop" bits and retrieves the transmitted word. The start 
bit is always a zero and the stop signal usually consists of 
two "Is." The UART transmitter transmits marks or "Is" while 
it is idling or not transmitting. Figure 3 presents the timing 
diagram for 300-baud, 300 word-per-minute code transmitted by a 
UART. Many UARTs generate a parity bit to check the validity 
of the received data. 
Both ends of a serial transmission system must agree 
exactly on a system speed usually called the baud rate, which 
is how many bits per second are transmitted. The 300-baud rate 
Start of word End of word 
V 
A V 
Data word 
Start 
Bit 
"0" 
Bit 
1 
Bit 
2 
Bit 
3 
Bit 
4 
Bit 
5 
Bit 
6 
Bit 
7 
Bit 
8 
Parit) 
Bit 
Stop 
Bit 
m" 
Stop 
Bit 
3.03 ms 
AT 
AT 
New 
word 
Start 
Bit 
"0" 
36.67 ms 
"0" is a space 
"1" is a mark 
Figure 3. A 300-baud/ ASCII-coded word consisting of 8 data bits and 4 control 
bits 
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is selected because it is a rate easily handled by a cassette 
recorder and by many two-way or full-duplex modem systems 
(Lancaster, 1978). This baud rate is fast enough for low-speed 
feeding operations. 
For this application, data transmission is one-way or 
simplex, as the pen code number is transmitted from the pen to 
the vehicle. 
Pen number transmission 
The FSK-modulated, binary-coded number is transmitted by 
a transmitter located at the beginning of the pen. The trans­
mitted signal is a sinuoidal wave having a frequency of either 
2025 or 2225 Hz. A receiver on board the vehicle receives the 
signal. Rectangular transmitting and receiving coils are used 
for signal transmission fay inductive coupling (Bridle, 1974; 
Rossing and Ploegaert, 1975; Street, 1979). 
Power transfer by induction If a current element is 
defined as a uniform current of I amperes flowing in an 
infinitely thin conductor of length 61, and the magnetic 
potential is A at a distance r from the element, the magnetic 
field strength, H, is: 
H = - # (9) 
If the current is varying at frequency w and with time t, 
I = a sin u)t (10) 
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then 
H _ 61 sin 6 sin co(t - r/c)J 
where 0 is the angle between the line in the direction of the 
element and the line joining the element to the point at 
distance r and c is the velocity of light. 
The magnetic field is given by the following equation; 
H = ^ ^ cos w(t - r/c) + J sin w(t - r/c)^ (12) 
The first product term of this equation represents the 
radiation field and the second the inductive field. At fre­
quencies below 100 kHz and at distances of less than one meter, 
the radiation field is small when compared with the induction 
field (Bridle, 1976); the term r/c tends toward zero and 
H  =  â — s i n  e  s i n  w t  ( 1 3 )  
4iTr 
If a current of I amperes r.m.s. is passed through a rec­
tangular coil of height h and width b, having turns, the 
magnetic field at a point placed x meters apart from the middle 
of the coil plane is : 
N bhlr-
H= 
nv(b/2)2+(h/2)2+(x/2)2 ~T77~7Z7^  2^,^/2^2] 
(14) 
(h/2)"+(x/2)" (b/2) 
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A fairly uniform magnetic field is obtained. If a second 
rectangular coil having the same dimensions and Ng turns is 
placed parallel to the first coil (Fig. 4a), it intercepts the 
alternating magnetic field and the induced voltage. Es, is; 
Es = UqW H (15) 
The induced voltage depends on the effective surface, A^, 
of the receiving coil intercepting the magnetic field. The 
effective surface is the common projected area between the 
coils (Fig. 4b) and is maximum if the two parallel coils 
exactly overlap. 
Tests Tests were conducted to measure the voltage 
transfer between two identical rectangular coils for different 
coil spacing and effective interception area A^^ (Fig. 4) . The 
coils measured 19 cm by 38 cm and were made of 20 turns of 
AWG#30 copper wire. One coil was driven by a power amplifier 
at a frequency of 2000 Hz. The results are shown in Table 4. 
The results indicate that the induced voltage Es varies 
fairly linearly with the effective surface A^; deviations are 
caused by some variations in the magnetic field. Es varies 
with the inverse of the square distance between coils for a 
distance greater than 5 cm. The results agree with Equations 
14 and 15. Similar results are obtained by moving one coil 
vertically instead of horizontally. 
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Figure 4. Inductive coupling between two parallel rectangular 
coils: (a) configuration 
Ein 
### 
(b) effective intercepting area 
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Table 4. Voltage transfer by inductive coupling of two 
identical parallel rectangular coils 
'S. " 
Induced voltage, Es(m V peak-to-peak)^ 
Coil spacing (cm) 
max 2.5 5 10 
1 660 410 110 
0.75 460 340 90 
0.50 310 220 60 
0.25 150 130 30 
0 40 10 -
^Excitation voltage, Ein; 4.4 volts peak-to-peak at 
2000 Hz. 
^One coil was moved horizontally with respect to the 
other coil. 
The magnitude of the induced voltage is quite sufficient 
for signal transmission between the vehicle and pen. it can 
be tailored by adjusting the number of wire turns of either 
coil to accommodate any coil spacing and overlap and to pro­
duce a high enough signal/noise ratio for good noise rejection. 
Coil size Coil size is determined by the vertical dis­
placement between the receive and transmit coils, the vehicle 
speed and the data transmission time. The transmission of a 
12-bit word consisting of 8 data bits and 4 control bits 
requires about 40 ms at 300 baud (Pig. 3). It is recommended 
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to insert some dummy bits between words to allow for data 
overplay. Lancaster (1978) recommends a maximum word rate of 
21 words per second at 300 baud. This word rate allows 47.6 
ms to transmit a 12-bit word and dummy bits. Data retransmis­
sion is necessary to validate or check the received data 
(Bridle, 1974, 1976; Rossing and Ploegaert, 1975). Data must 
be retransmitted at least twice to detect false data because 
noise and interference are random and are not likely to repro­
duce the same pattern. 
With 40-cm long coils, a word can be retransmitted up to 
five times at a vehicle speed of 5 km/h. The XMIT coil may be 
shorter than the RCV coil as the effective area is deter­
mined by the area of the RCV coil intercepting the magnetic 
field. A long RCV coil coupled to a short XMIT coil author­
izes a higher ground speed for five retransmissions or more 
retransmissions at 5 km/h, as the effective area ratio, A^/A^ 
max, is then equal to unity during most of the data trans­
mission time. 
Feeding vehicle 
The configuration of a feeding vehicle capable of deliv­
ering two different rations is presented in Figure 5. On its 
frame the vehicle carries two feed boxes incorporating bed 
chain-and-slat conveyors and unloading screw augers. The con­
struction of the feed boxes is assumed to be similar to that 
of an automatic silage self-unloading box (Implement and 
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#1 n #2 
Screw augers 
Feed Ration #2 Feed Ration #1 
Rail 
Bed conveyon 
Ground drive 
Figure 5. Schematic diagram of vehicle feed handling system 
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Tractor, 1979). The guided feed vehicle is supported by at 
least two sets of wheels mounted on axles and riding on two 
rails. The vehicle is propelled by a hydraulic transmission 
driving a set of wheels. 
Feed handling equipment consists of two sets of conveyors, 
one for each feed ration. Bed conveyor #1 and #2 slowly move 
the mass of feed towards unloading screw augers #1 and #2 
respectively. The screw augers rotate in both directions to 
allow feed delivery to either the left or the right side of 
the vehicle. The unloading rate, Qc, of the screw auger is 
regulated by the speed of the bed conveyor feeding it, while 
the screw auger rotates at a constant speed. 
The vehicle incorporates various hydraulic drives to 
actuate the feed handling equipment and the propulsion and 
braking systems. The following discussion describes the oper­
ation of the suggested hydraulic drives and identifies func­
tions to be controlled by the automatic control system. 
Hydraulic drives The hydraulic drives are schemati­
cally presented in Figure 6. Standard symbols developed for 
hydraulic systems, represent the components of each drive 
(Holzbock, 1968). The conveyors and the propulsion train or 
ground drive are driven by hydraulic motors whose operation is 
controlled by directional valves, HDVi, and speed varied by 
flow control valves, FCVi. The brake is actuated by a 
hydraulic cylinder. Hydraulic pumps provide hydraulic power. 
Figure 6. Block diagram of vehicle basic hydraulic system 
to be controlled by logic circuit 
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Forward 
HDVl 
Stepper 
motor M5 Ground 
drive 
Reverse 
0 Solenoid 
Ml,2; Unidirectional Hydraulic Motor 
M3,4,5: Bi-Directional Hydraulic Motor 
PI,2: Variable-Displacement, Pressure-Compensated Pump 
FCV1,2,3: Flow Control Valve 
HDVl,2,3,4; 3-Position, 4-Way Directional Valve 
HDV5,6: 2-Posltion 4-Way Directional Valve 
HDV7,8: 2-Position 3-Way Directional Valve 
CYL; Single-Acting, Spring-Loaded Hydraulic Cylinder 
Figure 6 (Continued) 
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This hydraulic system is based upon the work of Puckett 
et al. (1973). It includes only basic components required to 
provide an understanding of the vehicle operation and to help 
identify control functions. It must have a nearly linear 
response so that the unloading rate, Qc, and hence the feed 
rate, FR, can be accurately controlled by the control system 
in an open-loop configuration. 
Feed handling drives Feed handling drives are 
composed of hydraulic motors and valves to control the speed 
magnitude and direction of rotation of screw augers and chain-
and-slat conveyors. A conveyor drive consists of hydraulic 
components needed to actuate a screw auger while a bed drive 
consists of hydraulic components needed to actuate a bed-and-
slat conveyor. Two=position four=way directional valves, 
HDV5 and HDV6, control the unidirectional motors of bed drives 
#1 and #2. The three-position four-way directional valve HDV2 
directs fluid to either valve HDV5 or valve HDV6; it is a 
redundant valve specified to prevent equipment damage if 
either valve HDV5 or HDV6 becomes stuck in a working position 
while the conveyor drives are stopped. 
The flow control valve FCVl is operated by a stepper 
motor which modulates the speed of the bed drives and adjusts 
the delivery rate to provide the desired feed rate. 
The operation of conveyor drives is controlled by three-
position, four-way valves HDV3 and HDV4. Conveyor drives 
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rotate at a constant speed determined by the setting of the 
manually-adjusted flow control valve FCV2. 
Directional valves are operated by solenoids and are 
centered by springs; they seek their own "off" position when 
solenoids are de-energized. In operation, a solenoid is 
energized to produce rotation and de-energized to stop the 
motor. With bi-directional or three-position valves, the 
appropriate solenoid must be held on while the other must be 
held off to allow rotation in the desired direction and to 
keep both solenoids from being excited simultaneously and 
burning. This operation can be accomplished by using the 
retentive capability of flip-flops or R-S latches. If both 
solenoids are de-energized, the centering springs close the 
valve and the hydraulic motor stops. 
The oil flow to hydraulic drives is controlled by adjust­
able and pressure-compensated flow control valves (Fig. 6). 
Pressure-compensated flow control valves maintain a constant 
flow even though the inlet flow or the oil pressure changes. 
They provide an accurate flow rate control over the range of 
pressures generated in the hydraulic drives (Holzbock, 1968). 
Flow control valves with good linearity must be used to yield 
a linear transfer function between the valve setting and the 
output flow which determines the conveyor speed and hence the 
feed rate. Figure 7 presents the transfer function of a flow 
control valve with and without compensation. 
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Figure 7. Transfer function of a hydraulic flow-control 
valve with and without compensation 
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The screw augers and bed conveyors are operated by fixed-
displacement hydraulic motors. High-torque low-speed motors 
may be used to drive them directly (Henke, 1976) ; their 
response, however, becomes nonlinear at very low speeds. High-
torque gear motors or axial-piston motors (Sundstrand Corpora­
tion, 1972) coupled to speed reducers can yield a linear 
response over the range of speeds typical of feeding equipment 
and therefore are recommended. The transfer function of a 
typical axial-piston motor is nearly independent of pressure 
or torque, as shown in Figure 8. 
A pressure-compensated, variable-displacement pump pro­
vides fluid flow to the closed-center hydraulic system. The 
pressure is held constant at the output port of the pump. 
Pump flow is nearly zero when all valves are in the "off" posi­
tion and is automatically adjusted to the flow demand when 
valves are in operation (Holzbock, 1968). This type of pump 
is available from many suppliers (Implement and Tractor, 1979). 
The pump is driven by the power plant rotating at a constant 
speed. 
Ground drive The suggested ground drive includes 
a hydrostatic transmission and a three-position, four-way 
solenoid-operated directional valve (Fig. 6). The hydrostatic 
transmission consists of a variable-displacement axial-piston 
pump and a fixed-displacement axial-piston motor the speed of 
which is determined by the pump displacement. The pump trans­
fer function is nearly identical to that of the axial-piston 
65 
100-J 
Input flow 
200 
Torque 
50-
Torque D* 
Q Rated pressure 
O 160% of rated pressure 
~T 
50 100 
Motor output speed (%) 
Figure 8. Typical performance curve of a fixed-displacement 
axial-piston hydraulic motor 
66 
motor (Fig. 8) for a given displacement of the pump. The 
transmission controls are built into the pump and the motor, 
so that the acceleration curve or maximum torque, and speed 
range can be tailored for a specific application (Sundstrand, 
Corporation, 1972). Add-on solenoid valves are also available 
from manufacturers of hydrostatic transmissions. 
The pump is operated by the power plant rotating at a 
constant speed. A speed reducer will likely be required 
between the hydraulic motor and the driving wheels. 
The combination of a hydrostatic ground drive with the 
hydraulic conveyor and bed drives, each having a nearly linear 
response over the operating range, will yield a fairly linear 
transfer function between the feed rate, PR, the vehicle 
ground speed and the conveyor speed. Speed control of the 
various drives can then be achieved with an open-loop control 
system. 
Braking system The vehicle braking system must 
be intrinsically safe. A fail-safe hydraulic brake system 
requires hydraulic oil pressure to release the brakes and auto­
matically applies brakes, should the oil pressure be lost or 
removed. 
The basic circuit presented in Figure 6 consists of a two-
position, three-way solenoid-operated valve and a spring-loaded 
single-acting cylinder. Energizing the solenoid causes the oil 
to fill the cylinder chamber, thus moving the rod outside and 
67 
releasing the brakes. This compresses the cylinder spring. 
When the solenoid is de-energized, the cylinder spring forces 
the rod into the cylinder and the oil out of the chamber 
through the valve, and the brakes are again held "on" by 
springs. Also, the construction of the solenoid valve must 
allow manual operation of the brakes. 
An experimental vehicle will include a pressure control 
valve and a decelerating valve to control the braking rate of 
the vehicle (Holzbock, 1968). The logic control system must 
include an adjustable time-delay generator to prevent the 
direction of travel from being changed until the vehicle has 
come to a complete stop. 
Hydraulic system A closed-center hydraulic system is 
suggested because it can be monitored more easily. Pressure 
loss occurs should either the pump fail or a pressure line 
bursts. With the open-center system, pressure is low with 
valves in the "neutral" or "off" position and high with one or 
more valves in the "on" position. A single pressure sensor 
cannot differentiate pump failure or pipe burst from a system 
in "neutral" in an open-center system, while it can in a 
closed-center system. 
Automatic and manual mode The ground drive, the con­
veyor drives and the brake are operated by the control logic 
in the automatic mode. In the manual mode, however, the drives 
and the brake are controlled by an operator. The hydraulic 
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valve HDVB is positioned to let the pump oil flow through the 
flow control valve FCV3, which is actuated by the operator. 
The ground drive pump may be controlled by either a stepper 
motor or a manual control which overrides the automatic control. 
The interface circuits between the solenoid valves and the 
digital control system must allow complete operation of the 
hydraulic valves should the digital control system fail. 
Ground drive logic 
A flow diagram of the logic governing the operation of 
the vehicle ground drive is presented in Figure 9. The flow 
diagram shows only the start-run-stop sequence of the ground 
drive in response to commands. It does not show the drive 
speed control. The control logic can set the ground drive 
into one of two preset speeds: a low preset speed used for 
feeding and a high preset speed used for moving the vehicle 
back to the feedmill. The command of the hydraulic ground 
drive is either manual or automatic. 
The two delay timers account for the vehicle dynamics 
during acceleration from rest and braking followed by an 
inversion of the vehicle direction of travel. 
Speed control of hydraulic drives 
The speed of the hydraulic conveyor and ground drives 
must be modulated to achieve feed metering and feed rate con­
trol. Preset speeds of these drives are also entered into the 
Figure 9. Flow diagram, hydraulic ground drive operation 
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control logic. Hydraulic flow control valves modulate the oil 
flow and then the speed of the hydraulic motors driving the 
feed conveyors (Holzbock, 1968). The ground-drive speed con­
trol is achieved by changing the pump displacement (Sundstrand 
Corporation, 1972). It is proposed that stepper motors 
be used to set the flow control valves and the ground drive 
pump. 
Stepper motor A stepper motor is an electromagnetic 
incremental actuator which rotates through fixed angles in 
response to electronic input pulses. The motor permits the 
use of digital signals to control mechanical motion or posi­
tion; digital pulses make stepper motors go forward, backward, 
fast or slow (Kordik, 1974). In addition, the high holding 
torque associated with each step permits the motor to replace 
devices such as brakes and clutches with a gain in system 
simplification and reliability. Further, the stepper motor 
does not have any brushes, and overshoot is minimized by 
inherent driver characteristics. The principle of operation 
of stepper motor has been, described by many authors including 
Bianculli (1970), Chiarella (1970) and Superior Electric (1976). 
The speed of a stepper motor is determined in a different 
way than that of a conventional motor. As opposed to a con­
ventional motor which has free running shaft, the stepper motor 
shaft rotation is in fixed, repeatable and known increments. 
The output shaft rotates or moves through a specific angular 
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rotation for each incoming pulse. This angular displacement 
is precisely repeated with each succeeding pulse generated by 
appropriate drive circuitry. Each stepper motor is character­
ized by the step angle, which is the number of degrees it 
moves through per incoming pulse. If a motor has a step angle 
of 1.8 degrees, 200 steps or pulses are required for the motor 
to rotate through 360 degrees or one revolution. 
The speed of rotation of a stepper motor is given by this 
equation: 
RPM = Pulses per second x Motor step angle 
6 
The motor is driven by a digital state generator and 
drivers (Beling and Morin, 1973b; Superior Electric, 1976). 
The advantages of stepper motor drives follow: 
1. Simple circuitry and digital interface. 
2. Bidirectional control. 
3. Instantaneous start, stop and reverse. 
4. Identical starting current and running current. 
5. No damage resulting from stalling, 
6. Torque curve can be tailored by increasing voltage 
or adding a resistor-capacitor network. 
7. Residual (Power off) torque always present. 
8- Long life and exceptional reliability. 
Moreover, digital display of the stepper motor position 
may be easily implemented (Lo, 1978). 
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Selection of stepper motor There are many types of 
stepper motors having different characteristics (Bianculli, 
1970; Beling and Morin, 1973a; Electromechanical Design, 1973). 
The permanent-magnet stepper motor is the recommended motor for 
low-speed operation requiring a pulse rate lower than 300 
pulses per second (Electromechanical Design, 1973). The 
permanent-magnet stepper motor is available in both AC and DC 
versions (Superior Electric, 1976). 
A permanent-magnet DC stepper motor has been selected to 
position the flow control valves and the ground-drive pump 
displacement plate. The design of the state generator and 
solid-state drivers is straightforward. The selection of a 
specific motor, however, is dictated by the driven load, and 
selection procedures are available from manufacturers (Superior 
Electric, 1976) and other sources (Bianculli, 1970; Chiarella, 
1970). The selection of a motor is beyond the scope of this 
work, but a state generator and driver circuits will be pro­
posed. 
Feed weighing 
It is assumed that each feed box is mounted on load cells 
connected to a multiplexed digital weighing unit, since these 
are currently being used on feed wagons and trucks (Elder, 
1977). Control logic will enable the weighing unit to read 
the weight of feed in either box #1 or #2. 
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Analog and digital outputs are available from digital 
scales. This design will consider a scale with TTL-compatible 
parallel BCD outputs (Instruments and Control Systems, 1972; 
Hall, 1978). Current scale designs have an accuracy of ±5 kg 
or ±10 pounds; the digital readout reading must be multiplied 
either by 5 or 10. The design of the scale for this study is 
based on a multiplier of 10 and on a weighing capacity of 
10/000 kg, since such capacity and accuracy are adequate for 
feeding operations in feedlots (Elder, 1977; Elam and Grainger, 
1977). The digital scale could be equipped with a printer, 
which is enabled by the control system at the completion of 
feed delivery to a pen. 
Monitoring of the automated vehicle 
An automated system must continuously monitor the opera­
tion of its mechanical and electrical components to prevent 
mechanical damage or serious breakdown and to warn the operator 
that maintenance and repair are needed. It must also detect 
any situation that could endanger property or life (Brooke, 
1975; Jahns, 1975). 
Monitored parameters 
The parameters monitored by the control system are pre­
sented in Figures 10 and 11. The safety-related parameters 
are listed in Figure 10. The tilt and vibration switches 
serve to detect a vehicle derailment. The overrun limit 
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Figure 10. Block diagram of vehicle monitor for safety-
related parameters 
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sensors are actuated if the vehicle travels beyond the assigned 
travel limits at the feed-mill and at the end of the feeding 
path (Fig. 1) . 
The monitored mechanical parameters are listed in Figure 
11. Mechanical switch-gauges which send out output signals to 
the control unit and shut down the power plant may be used to 
monitor the engine temperature and oil pressure. The switch-
gauges are installed on stationary engines such as emergency 
power units and on large industrial and agricultural machines. 
The power plant speed and the speeds of the conveyor and 
ground drives are monitored by electronic tachometers and 
speed switches (Long, 1976). The shaft speeds of the unloading 
screw augers are monitored. Bed drives are not monitored, as 
their operation is interlocked with that of the screw augers 
and their failure would not cause any damage. A failure of the 
bed drive is rare and most often due to the bursting of a 
hydraulic line; such a situation results in the loss of hydrau­
lic fluid and pressure and is detected by the oil pressure and 
low level sensors of the conveyor drives. 
Signal processing 
The proposed processing of safety and failure signals 
generated by the monitoring system is described in the flow 
diagram of Figure 12. The flow diagram incorporates current 
designs built into standby emergency units and large combines, 
as well as proposed safety recommendations for automated 
Figure 12. Flow diagram, monitoring of vehicle operation 
(a) Safety and major vehicle parameters. 
(b) Secondary vehicle parameters. 
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equipment (Friedlander, 1973b; Brooke,1975; Jahns, 1975; Jahns 
and Moller, 1975; Corns, 1979). 
All failure or warning signals are to be identified by 
individual pilot lights and stored in memory elements until 
the fault has been cleared. 
The actuation of any safety sensor causes an emergency 
stop; the vehicle must be manually restarted upon clearance of 
the signal or failure (Fig. 12a). The actuation of a mechanical 
sensor causes either an emergency stop or a feeding interrupt 
and return to feedmill. 
The signals for low fuel level and dirty hydraulic oil 
filter only actuate a visual or audible warning signal as the 
defective monitored components do not lead to immediate failure 
(Fig. 12b). 
Feeding cycle 
The feeding cycle consists of providing fosd sequentially 
to all pens requiring feed. The feeding cycle is described by 
the flow diagram presented in Figure 13; it can be complete or 
partial. If complete feeding is selected, the vehicle first 
delivers feed to right-hand pens, and then to left-hand pens. 
If partial feeding is selected, the vehicle delivers feed to 
pens located in the selected row. 
Partial feeding within a row is possible if the selected 
pen number is smaller than the number of pens in the row. 
Figure 13. Flow diagram, feeding cycle 
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A feeding cycle is initiated manually and ended auto­
matically whenever the highest pen number selected by the 
operator is identified by the control system. The reference 
is always the beginning of the right or left row. 
Feeding logic 
The automated vehicle must deliver the desired amount of 
feed to a pen in one pass if secondary feeding transfer is to 
be eliminated (Warnock, 1977). If the vehicle does not have 
to reverse its direction of travel to deliver additional feed 
and then resume its course, the feeding cycle is shortened and 
the control logic is simplified. 
Feeding strategy To meet this objective, the control 
logic must continuously monitor and adjust the feed rate so 
that the feed delivered to a pen, AF, is proportional to the 
travelled length of feedbunk. The desired feed rate is deter­
mined by the feed required for a pen. PP and the pen feedbunk 
length, L, as follows: 
The feedbunk length is assumed to be equal to the pen length. 
The actual feed rate is determined by the vehicle travel 
speed, 5, and the conveyor unloading rate, Qc, as follows: 
(17) 
PR = 0^0|_QC (18) O 
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The theoretical or desired feed rate is difficult to 
obtain as feed rations do not always flow evenly. Secondary 
feed transfer is eliminated by keeping the actual feed rate 
slightly greater than or equal to the desired feed rate. 
The suggested feeding strategy consists of keeping the 
actual feed rate between 100% and 110% of the theoretical feed 
rate defined by the Equation 17, and accordingly adjusting the 
unloading rate, Qc, and the vehicle speed, S. The diagram of 
Figure 14 defines the strategy to be implemented by the control 
system. The slope of the two lines in Figure 14 represents the 
theoretical and the maximum allowed feed rate; in the feeding 
mode, the control system maintains the actual feed rate between 
the two lines. This strategy guarantees that all the feed 
required by a pen is delivered over 90% to 100% of the length 
of the feedbunk, and thus eliminates the secondary feeding 
transfer. 
The 10% deadband (Fig. 14) accounts for the nonuniform 
feed flow of the screw auger, as chunks of feed may occasion­
ally fall over the unloading screw auger. 
The suggested feeding strategy was selected because it is 
easy to compute 110% of a variable through addition of the 
variable to itself less the least significant decade. In 
effect, with the BCD representation of a number, the 10% value 
is approximated by deleting the least significant decade. This 
computing procedure does introduce an error which is negligible. 
Figure 14. Graphical representation of the feeding strategy governing feed delivery 
to a pen 
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Feeding mode The flow diagram governing the operation 
of the control logic in the feeding mode is presented in Figure 
15. The feeding mode comprises all logical and arithmetical 
operations that must be performed to deliver feed to a pen. 
Feed delivery is computed by subtracting the initial feed 
weight, IF, from the actual feed weight, W, as indicated by 
the digital scale. Before delivery of feed takes place, pen 
feed and pen length are read by a logic circuit, and the feed 
rate, FR, is computed by dividing the pen feed by the pen 
length. Then the conveyor drives are started and feed delivery 
takes place. While feeding, the control logic executes the 
following sequential operations: 
1. Compute actual feed, AF. 
2. Compute desired feed by multiplying travelled length 
of feedbunk by feed rate. 
3. Compute desired feed plus 10%, DFIO. 
4. Compare AF with DF and DFIO. 
5. Increase bed conveyor speed if actual feed, AF, is 
less than desired feed, DF, or decrease bed conveyor 
speed if actual feed, AF, exceeds DFIO. 
6. Compare actual delivered feed, AF, to pen feed, PF. 
The feed rate is adjusted by modulating the bed drive speed. 
If the actual feed rate is too low and the conveyor operates at 
its maximum speed, then the control logic sends out a command 
to decrease the ground drive speed, that is the vehicle travel 
speed. 
Figure 15. Flow diagram, feeding mode 
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These sequential operations are repeated until the 
delivered feed, AF, equals the required pen feed, PF. The 
control logic then stops the feed conveyors and can enable a 
printer to record the pen number and the amount of feed 
delivered to the pen. The control logic also causes a logical 
"1" to be written in a memory. 
It should be noted that the feeding logic does not com­
pute the actual feed rate, but rather computes the desired 
feed, DF, from the theoretical feed rate, FR, and the pen 
travelled distance, and then DFIO. The variable DPIO, however, 
corresponds to the maximum allowed feed rate. Through constant 
comparison of AF with DF and DFIO, the control system deter­
mines whether or not any change in the settings of the con­
veyor and ground drives are required. The feed rate is in 
fact controlled by a closed-loop system consisting of the scale 
output, the pen ration read from a memory and a logic and 
arithmetical unit enabled by the control system. 
The control logic writes a code "1" in a memory each time 
a pen has received feed. In the case of an empty pen, the con­
trol logic identifies the pen and its condition, writes a "1" 
in the memory and commands the vehicle to skip this pen and 
move to the next pen. The memory is a RAM memory, powered by 
a standby power supply to preserve stored data if a power 
failure occurs or the vehicle system must be shut down for 
repair during a feeding cycle. 
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Exit from feeding mode The feeding operation may be 
interrupted during a feeding cycle. A flow diagram of the 
logic governing exit from the feeding mode is presented in 
Figure 16. The conditions that cause the control logic to exit 
from the feeding mode are the following; 
a) Failure to identify a given number of pens. 
b) Empty feed boxes. 
c) Conveyor drive failure. 
d) Specific power plant failure. 
e) Failure of odometer. 
f) Completion of feeding cycle. 
Sequential operation is as follows; 
1. Acknowledgment of a signal to exit from the feeding 
mode. 
2. Conveyor drives are stopped. 
3. Delivered feed and pen number are stored in a memory. 
4. Vehicle moves back to the feedmill and stops. 
A manual stop interrupts the feeding operations, but does 
not cause an exit from the feeding mode. The pen and feed 
data are preserved. Feed delivery resumes upon a manual start. 
Re-entry into feeding mode Following an exit from the 
feeding mode, the control system must be manually re-enabled 
to re-enter the feeding mode. A flow diagram of the logic 
governing the re-entry into the feeding mode is presented in 
Figure 17. Sequential operation is as follows: 
Figure 16. Flow diagram, exit from feeding mode 
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1. If a failure caused exit from the feeding mode, the 
failure or fault must be cleared by the operator. 
2. The failure monitors and displays are reset. 
3. If feed boxes were empty, the feedmill operator 
commands their loading. 
4. Vehicle ground drive is manually started and control 
system enabled. 
5. Pen where exit occurred is retrieved and re-entry in 
feeding mode occurs. 
Emergency situations 
The control logic installed in the feeding vehicle must 
detect and acknowledge any situation which can result in 
potential damage to life and property. Any dangerous or unsafe 
operation is to cause an emergency stop. On the occurrence of 
an emergency stop command, the control logic stops the vehicle 
and activates an alarm signal. 
The flow diagram governing the entry of the control logic 
into the emergency mode is presented in Figure 18. In addition, 
a power loss or a power supply failure causes the control sys­
tem to enter the emergency mode. The pen number and feeding 
data are then lost; the pen feeding status, however, is pre­
served, Power failure will occur whenever a major failure of 
the power plant or the hydraulic drives causes an emergency 
stop and shut down of the power plant. 
Figure 18. Flow diagram, emergency mode 
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Vehicle control system 
A proposed control system for an automated feeding 
vehicle, based on the control rationale developed in this in­
vestigation, is diagrammed in Figure 19. The individual logic 
modules implement the logic functions described by the flow 
diagrams. 
The major control and display functions required to oper­
ate and monitor the automated feeding vehicle are diagrammed 
in Figure 20. The digital scale readouts are not shown, 
because the scale is a separate and self-contained unit. 
The manual controls shown in Figure 20, enable an operator 
to start and stop the hydraulic drives, but not to modulate 
them. It is assumed that the automated electro-mechanical con­
trols can be overridden and the flow control valves and ground-
drive pump are manually set, in the manual mode. 
Electronic Control System 
This section presents the electronic control circuits 
developed to implement the control scheme required by an auto­
mated guided feeding vehicle operating in a feedlot. The 
design objective is a fully digital control system with a 
minimum of discrete components. The major portion of this 
work was devoted to designing, breadboarding and testing the 
control circuits. 
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Figure 19. Block diagram of control system for automated feeding vehicle 
Figure 20. Schematic diagram of vehicle control and display functions 
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Control logic circuits 
In general, digital electronics refers to circuitry where 
inputs and outputs can have only two states or levels: "high" 
and "low." In logic notation the states are usually designed 
as "true," "on" or "1" and "false," "off" or "0." Logic 
circuits can be combined to perform true-false decisions, to 
implement Boolean algebra equations, to count and to store or 
remember the history of previous input and output levels, 
based on the presence or absence of "highs" and "lows" on 
various inputs. 
In digital logic, the "high" and "low" states are commonly 
defined in terms of voltage levels, the former being at the 
power supply voltage, the latter at the ground potential. 
Digital logic is ideal for direct control application involving 
simple on-off input and output sensors. Logic in the active 
state is taken as "true," "high" or "on" and is referred to as 
positive logic. 
Digital circuitry can be implemented with different types 
of digital logic families. A digital logic family consists of 
a group of compatible integrated circuits that can be combined 
to perform desired logic functions. The TTL logic family and 
its derivative families have been the standard for most logic 
applications. In recent years, however, new logic families 
with certain improvements over TTL have been developed and are 
gaining popularity. Among them, the CMOS logic family offers 
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particular advantages in control applications (Kalin, 1972; 
Olson and Barsa, 1973a, 197 3b; Wallace, 1973), including the 
following four: 
1. Very low power consumption from the power supply. 
Static dissipation is typically lOnW per gate 
(Calebotta, 1975). Battery operation is practical 
for mobile applications and memory standby systems. 
2. High noise immunity, typically 45 percent of the 
supply voltage (Eaton, 1970; Motorola, 1976). CMOS 
generates no large spike during switching. Its opera­
tion is less susceptible to problems arising from 
electrical noise generated by motors, alternators, 
relay contacts, etc. (Boaen,1973; Schlicke and Struger, 
1973). CMOS rise and fall times are usually slower 
than its transition time, so that noise is attenuated 
instead of being passed on to following logic stages. 
3. Wide power supply range, typically 3 to 15 volts 
(Pujol, 1971) without regulation or exceptional by­
passing. 
4. Large fan-out and fan-in. Since all inputs are 
voltage-sensing, one CMOS circuit can easily drive 50, 
100 or more inputs (Calebotta, 1975) . Considerations 
about fan-out, fan-in and loading are thus eliminated 
(Lancaster, 1977). 
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A disadvantage of CMOS devices is their susceptibility to 
damage from high static electrical charges (Stephenson, 1975). 
Manufacturers have reduced this problem with the B-Series CMOS 
integrated circuits, and care and simple precautions in han­
dling them are required (Dansky and Funk, 1974; Motorola, 1976; 
Lancaster, 1977). 
Experience gained by the automative industry in recent 
years indicates that CMOS technology is most suited to self-
propelled vehicles because of its high noise immunity and its 
higher thermal tolerance (Wise, 1978). 
For the above reasons, the CMOS family was chosen for the 
control logic in this investigation. Circuit development and 
testing were carried out using mainly the B-series CMOS compo­
nents. However, circuits such as memory interfaces and drives, 
code converters, multipliers and data displays were developed 
with TTL components, because of specific requirements and 
component availability. All designs are specified from the 
B-series CMOS logic family, except some circuits which are 
specified from the 54/74 series TTL components. 
The logic circuitry in this study was developed according 
to standard design procedures (Malmstadt and Enke, 1969; Peart, 
1972; Soderholm and Charity, 1972; Lancaster, 1974, 1977; 
Larsen et al., 1974, 1975; Roney et al., 1974; Johnson, 1975). 
Specifications and operating characteristics of individual 
components were obtained from manufacturers's literature 
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(Texas Instruments, 1973, 1976a,b,c; National Semiconductor, 
1975a,b, 1976, 1977; Fairchild Semiconductor, 1976; Motorola, 
1976; RCA, 1977a, 1977b). Some logic circuits implementing 
the start-stop sequence of the conveyors and transmission drive 
were developed with a programmable controller and then imple­
mented with CMOS integrated circuits. The logic circuits were 
bread-boarded to verify their operation. 
All capacitors values shown in figures are in microfarads 
unless otherwise noted. 
All the unused inputs of CMOS integrated circuits must be 
tied to either the power supply rail or the ground rail because 
floating inputs can drive the CMOS chips into the active region 
(Motorola, 1976; Lancaster, 1977). Some unused inputs, however, 
are not tied to either rail, to avoid cluttered diagrams. 
Feeding path limits 
The circuit of Figure 21a identifies the fegdmill loading 
station, the beginning and the end of the feeding path. 
Identification signals are generated by three reed switches 
actuated by permanent magnets, then debounced and decoded. 
The circuit uses redundant logic to identify each location 
with two composite signals. It must acknowledge either the 
reception of two of the possible three signals or the reception 
of one signal in the absence of the other two. The circuit can 
identify each location if one reed switch fails or one input is 
Figure 21. Schematic diagram of (a) position sensor circuit for identification of 
feedlot layout and (b) permanent magnet installation on marker posts 
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lost or absent. If two input signals are lost, only one loca­
tion can be identified; in such a situation, vehicle operation 
is still safe because a limit switch located on the vehicle 
detects an overrun state while the vehicle moves a given 
distance beyond the identification posts marking the limits of 
travel. The actuation of the limit switch causes an emergency 
stop at the feedmill and at the opposite end of the feeding 
path. 
The magnet must be installed on the posts as illustrated 
in Figure 21b. The two vertical arrangements of magnets on a 
post are scanned consecutively. 
Monitoring circuits 
The circuits monitoring the automated feeding vehicle and 
various safety parameters are illustrated in Figure 22. They 
constitute two modules, one conditioning signals, the other 
processing them. 
Conditioning The conditioning circuits and the input 
variables are shown in Figure 22a. The variables are defined 
in Figures 10 and 11. The control scheme assumes the use of 
simple "on-off" sensors to monitor all parameters except the 
speed of different drives. Movement of the electrical contacts 
is usually accompanied by bounce when the switch changes state; 
false signals or noise are generated until the contacts come 
to a full rest. For reliable operation, it is essential to 
Figure 22. Schematic diagram of circuits a) monitoring and conditioning sensor 
signals and b) processing signals 
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debounce signals any time a mechanical contact is used with 
clocked-logic circuits (Lancaster, 1977). 
Digital debouncers or contact-bounce eliminator circuits 
suitable for use with single-pole, single-throw switches are 
specified for all mechanical sensor inputs (Fig. 22a). A delay 
in state change of approximately 2 seconds is introduced to per­
mit switch contacts to settle (Motorola, 1976). A logical "1" 
signal appears at the output when the sensor switch is open. 
Pull-up resistors have been specified in addition to the 
internal pull-up resistors of the debouncer chip, to increase 
switching currents through mechanical contacts (Motorola, 1976). 
Although it is not specified, it is recommended that a 10-K 
resistor be used in series with the input of the debounce 
circuits to limit the accidental damage due to static electric­
ity (Motorola, 1976). 
The debounced signals are stored into flip-flops and then 
inverted to permit the use of positive logic to process the 
sensor signals (Fig. 22a). Visual indication of a fault is 
provided by light-emitting diodes. Operating the "Reset" 
button resets the storage elements and momentarily turns on 
all LEDs. Upon release of the "Reset" button, the clock sets 
flip-flop outputs to a logical "1" and turns off LEDs, except 
those decoding a failure signal. The flip-flop clock is 
inhibited upon reception of a failure signal and docking 
resumes upon clearance of the failure. 
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The speed of the power plant is monitored by a tachometer 
circuit that puts out a single signal ES for overspeed and 
underspeed conditions (Appendix G). It is assumed that the 
power plant or engine operates at a constant speed under the 
control of a speed regulator. Too low a speed indicates an 
overload condition or a mechanical problem while too high a 
speed indicates failure of the regulator and may result in un­
safe conditions of operation or mechanical damage. 
The rotating shafts of the conveyor drives and ground 
drive are monitored by speed switches consisting of tachometer 
circuits and voltage comparators. A speed switch circuit 
including a visual indicator is shown in Appendix H. The 
speed switches generate three signals: 
GDF or ground drive failure 
CDFl or conveyor #1 drive failure 
CDP2 or conveyor #2 drive failure. 
Processing The logic circuits of Figure 22b implement 
the flow diagrams of Figure 12. They were developed on the 
basis that any failure which could damage equipment or en­
danger operators or animals must cause the immediate stop of 
the malfunctioning system and/or the vehicle. 
The sensor signals are processed to generate four cate­
gories of output signals: 
1) "Emergency Stop" or EST, caused by failure signals 
related to safety and mechanical problems with prime 
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mover and ground drive. 
2) "Move Back to Feedmill" or MBFl, caused by failure 
of mechanical components. 
3) "Manual Stop" or MS, caused by actuation of either one 
of 4 stop switches by the operator along travelling 
path. 
4) "Warning Signal" for parameters not leading to early 
failure or impeding normal operation. 
An emergency stop must be followed by clearance of the 
fault and manual restart to resume feeding operations. 
Safety considerations By switching ground rather than 
a power supply lead, system faults such as shorts to ground on 
the signal input leads will appear as failure signals and 
interrupt the feeding cycle. Signal lead shorts to ground are 
much more probable than shorts to a power supply lead (Motorola, 
1976). The selected approach does not cause excessive currents 
in the wiring. 
While the suggested circuit interrupts feeding operations 
in case of failure detection or signal lead short, it does 
permit normal operation of the vehicle if one or more sensors 
are disconnected. Thus, the suggested design is not intrin­
sically fail-safe; however it permits safe operation only if 
all safety sensors are connected. The monitoring circuits can 
be made intrinsically fail-safe by using sensors with contacts 
normally closed and connected to ground and eliminating the 
inverters. 
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Experience gained with the operation of guided and auto­
mated vehicles and current safety regulations will affect the 
final design (Jahns, 1975; Jahns and Moller, 1975). 
The monitoring circuit incorporates two overrun sensors 
(Fig. 22b) which are actuated if the vehicle runs beyond the 
travel limits at the feedmill and the end of the feeding path. 
The sensors are connected in parallel and are actuated by per­
manent magnets located along the travel path to produce an 
emergency stop signal. The dual sensor arrangement is redun­
dant but it improves the safety of the automated feeding 
vehicle (Priedlander, 1973b). 
Measurement of travelled distance 
The distance travelled by the vehicle along a pen is 
measured from the beginning of each pen upon a successful 
identification of the pen. The data are used by the control 
system to implement the feeding logic. The odometer includes 
a photoelectric detector, a counting circuit, a comparator and 
a failure detection circuit (Fig. 23). 
The measuring circuit is shown in Figure 23a. The photo­
electric detector consists of an infrared source, a photo-
transistor and a rotating perforated disc. The phototransistor 
senses either a clear disc or a logic "1," or a black disc, a 
logical "0." The infrared source and the phototransistor are 
spectrally and mechanically matched (Texas Instruments, 1976a, 
1976b). The output pulses are divided by ten and then counted 
Figure 23. Schematic diagram of (a) circuit measuring 
travelled pen length and (b) circuit detecting 
failure 
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by BCD counters. The perforated disc must have a multiple of 
ten holes per each unit of length. Pulse scaling minimizes 
error if a pulse is lost or wheels slip. 
As it is wired in Figure 23a, the counter counts up one 
increment for each ten pulses received from the optical sensor; 
each increment corresponds to a third of a meter or one foot 
if the disc rotates ten holes for a travelled distance of one 
third of a meter or one foot. The total number of holes on 
the disc is determined by the circumference of the wheel whose 
axle rotates the disc. Therefore, three counter increments 
stand for three thirds of a meter, which is a meter or approxi­
mately three feet, depending upon the system of units used. 
The travelled distance along a pen is compared to the 
length of the pen, as transmitted by PROM memories (Fig. 23b)= 
The feeding cycle is interrupted and the vehicle moves back to 
the feedmill, should the measured length exceed the actual 
length of the pen. A visual annunciator indicates the fault 
and the circuit must be manually reset before resuming opera­
tion. 
The odometer circuit is disabled and reset to zero when 
feed delivery to a pen is terminated. The circuit is also 
cleared upon initial powering of the control circuits. 
Pen number transmission 
The pen number is binary-coded and transmitted using 
pulse-code modulation and a binary FSK modulator. The trans­
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mitted signal is received on the vehicle and is decoded using 
a binary FSK demodulator. The block diagram of the pen number 
encoding, transmission and decoding circuits is presented in 
Figure 24. The modulated signal must be processed at both 
receive and transmit ends to eliminate noise and to retrieve 
the binary-coded pen number. 
Encoding The encoder is presented in Figure 25a. The 
binary-coded number is presented to the parallel inputs of the 
UART'S transmitter section. The UART serializes the parallel 
input data which appear at pen 25 of IC2 as serial data. 
The UART*s operation is controlled by the clock ICI for a 
baud rate of 300. The UART is automatically reset by the reset 
power-on generator based on IC5b because the first word trans­
mitted after power is applied can be wrong. A clock signal is 
derived from ICI to enable the transmission of the pen number 
and control bits approximately every 40 milliseconds. 
Pins 34 through 39 of IC2 program the UART for different 
bit lengths and codes. The programming of the UART is as fol­
lows : 
a) 1 start bit 
b) 8 data bits to be transmitted 
c) 2 stop bits 
d) 1 even parity bit. 
The timing diagram of a 300-baud, 12-bit code generated 
by the UART's transmitter is presented in Figure 24. 
131 
PEN NUMBER 
code input 
XMIT 
UART 
CLOCK 
PEN NUMBER 
code input 
RCV 
UART 
FSK 
MODULATOR 
LOW-
FII 
PASS 
TER 
REJEC 
FILT 
TION 
ER 
AMPLIFIER 
XMIT 
COIL 
RCV 
COIL 
PRE-AMPLIFIER 
AND 
LIMITER 
BANDPASS 
FILTER 
ZERO-CROSSING 
DETECTOR 
SQUARER 
CLOCK 
FSK 
DEMODULATOR 
figure 24. Block diagram of pen number encoding, transmission 
and decoding circuits 
Figure 25. Schematic diagram of pen number transmitter: (a) encoder, (b) FSK 
modulator and (c) transmitter 
Vd 
Vd 
Binary-coded 
pen number 
56pF 
20K 
16x xtall==î/ 15M ICI 
13 LSB MSB 
To IC6 
IC2 - XMIT UART pin 11 
21 
Yd O 
Vd n lOOK 
V d p  
Vd 
IC5a 
IC5b IC3 IC4 
12 
2.2M lOOK 
10 
lOOpF 
ICI: 4702 Bit-Rate Generator 
IC2; AY-3-1014A, UART 
, .IC3,4: MC14526, Programmable Binaiy Down Counter 
^^IC5: MC14013, Dual D Flip-Flop 
xtal! 2.4576 MHz 
lOOK 
QfV 
IC6 
0.1 
5.89K 
ICS 
lOOK 
15M 
HDH 
xtal 
55.5K 0.1 
lOOK 
+V 
Ô -V 
01 
IC7 lOM lOM 
Ô-V 
5M IC6: MC14412F, Modem 
IC7: LM102, Voltage Follower 
ICS: 741E, Operational Amplifier 
xtal: 1.0 MHz 270pF 270pF 
16.07K AAAA»— 
15..77K 
lOOK, XMIT 
coil 250 
ICll 
IC9 lOOK 
10S2 
38.14K 
44.85K 
! 18.22K 18.22K 
P^VA/VA-J 
I 14 I 13 7_l 
+V -V 
LOOK, 
ICIO lOOK 
11 
275.74K 
1C9,10: ACF7092C, Universal Activf: 
Filter -V +V 
ICll: 121386, Audio Power Amplifier 
XMIT coil: 20 turns of #30 AWG copper wire 
+v 
START LSB 
BIT DATA 
I 
0 -/y 
MSB PARITY STOP 
DATA BIT BITS 
.  \  1  / \  
•\r-
•\r-
•j 3.03 IBS (typical) 
36 ms 
TRANSMITTED CODE: 00110101 = 53 
Figure 26. Timing diagram of the 300-baud, 12-bit code generated by the UART's 
transmitter 
137 
FSK modulation A low speed modem, IC6, performs the 
FSK modulation of the binary signal coming from the UART's 
transmitter (Fig. 26b). Only the FSK modulation section is 
used; the modem transmits information at 300 baud and is 
operated in the answer mode (Motorola, 1976). 
The transmitter carrier frequency is a digital-synthesized 
sine wave derived from the 1.0 MHz oscillator reference. The 
FSK modulator transmits a 2025-Hz sine wave for a space or a 
binary "0" and a 2225-Hz sine wave for a mark or a binary "1." 
Carrier signal filtering The transmitted signal must 
be a low-distortion sine-wave. Its second harmonic in particu­
lar must be extremely low to prevent the originate modem from 
splattering its own receive spectrum with its second harmonic 
(Lancaster, 1978b). The second harmonics of the transmitter 
carrier are 4050 and 4450 Hz. The specified modem attenuates 
the second harmonic of the carrier output by 30 dB (Motorola, 
1976). 
Additional filtering of the carrier signal is provided 
by a rejection filter and a low-pass filter (Fig. 25b). The 
filter design is optimized to minimize group-delay distortion 
which is a source of a bit-position error in a two-tone modem. 
The rejection filter attenuates the 60-Hz sine wave that 
could be superimposed on the carrier through interference from 
the power supply and commercial power lines. Suppression of 
the 60-Hz signal improves the reliability of the transmission 
network. 
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The rejection filter is based on the twin "T" network 
combined with a voltage follower. It has a quality factor of 
about 50 and attenuates the 60-Hz signal by 60 dB. This 
filter design is presented in Appendix B. In locations where 
the rejected signal might deviate slightly from the null of 
the notch network, the filter may be modified to adjust to 
lower the Q (Dobkin, 1973); this insures some rejection over 
a wider range of frequencies. 
The 3000-Hz low-pass filter attenuates the higher-order 
harmonics of the carrier signal which can interfere with the 
operation of the modem receiver (Lancaster, 1978b). The 
filter design is presented in Appendix A. The attenuation is 
35 dB at 4 kHz; the attenuation of the second harmonic pro­
vided by the modem and the filter is about 65 dB. The spur­
ious signals generated by the engine and its electrical system 
are also rejected efficiently. 
The operational-amplifier voltage follower IC8 both ac 
couples the input and provides a ground reference dc bias 
return for the active filter stages that follow (Lancaster, 
1978a). 
The 3000-Hz low-pass filter and the 60-Hz rejection 
filter can be replaced by the integrated circuit ACF 7272C 
(General Instruments, 1978). Called a PCM transmit low-pass 
filter, the ACF 7272C is a linear hybrid active filter with a 
Cauer type response; it provides 0 dB attenuation in the 
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passband, 32 dB attenuation at 4.2 kHz and 25 dB attenuation at 
at 60 Hz. The differential delay is 80 us between 1 kHz and 
1.6 kHz. Although the ACF 7272C low-pass filter has not been 
tested, its specifications indicate it meets the circuit 
requirements. 
Transmission The filtered FSK modulated signal is 
amplified by a power amplifier having a gain internally set 
to 20 (Pig. 25c). The output is automatically biased to one 
half the supply voltage. The overall gain is set by the 
potentiometer. The addition of the 0.05 yP capacitor and 
10-0 resistor is required to suppress oscillations that may 
occur during the negative swing into a load drawing high cur­
rent (National Semiconductor, 1976). 
The power amplifier drives a transmitting coil. The 
voltage output of the amplifier should not exceed 4.4 volts 
peak-to-peak to prevent voltage clipping that distorts the 
transmitted signal and may impair the operation of the 
receiver and decoder circuits. 
Power supply The transmission circuit is powered by 
the power supply presented in Appendix C. The suggested 
power supply is connected to a 120-Vac power line, as the 
encoder and transmitter continuously operate during a feeding 
cycle. 
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Pen number reception and decoding 
The modulated signal is transmitted by induction to the 
RCV coils located on the vehicle. The received carrier signal 
is demodulated and decoded to yield the binary representation 
of the pen number. The receiver, demodulator and decoder 
circuits are presented in Figure 27. 
Reception The RCV circuitry consists of two RCV chan­
nels and a multiplexer (Fig. 27a). The left and right chan­
nels receive the signals originating from the transmitters 
located in the left and right rows of pens. 
A RCV channel consists of a RCV coil and a pre-amplifier 
wired for a gain of 20 dB. The feedback diodes D3 and D4 
limit the output voltage to either positive or negative for­
ward diode voltage,, which is approximately 0.6 volt. Diodes 
Dl and D2 protect the amplifier inputs, should the induced 
voltage in the RCV coil exceed the common-mode or differential 
input rating of the amplifier (Jung, 1977). 
The analog multiplexer, IC2, is a four-channel program­
mable amplifier connected as a voltage follower. The ampli­
fier has excellent output linearity and zero offset (Jung, 
1977). The channels are selected in accordance with the truth 
table, as shown in Table 5. The inputs of the unused chan­
nels are grounded and a zero appears at the multiplexer out­
put when these channels are selected. 
Figure 27. Schematic diagram of (a) receiver, (b) demodulator and (c) decoder 
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Table 5. Truth table of multiplexer output 
Address lines 
RT LT Selected channels 
0 0 CHI - unused 
1 0 CH2 - Right RCV 
0 1 CH3 - Left RCV 
1 1 CH4 - unused 
The carrier signal must be strongly filtered to eliminate 
interference from speech, noise and other signals (Lancaster, 
1978). It is filtered by a 1900-2350-Hz bandpass filter which 
rejects noise and signals outside the bandpass (Fig. 27b). 
The filter attenuation in the stopband exceeds 40 dB. The 
OpcîTâ. uXOncix â.mpxXf XcjTS XC4 y 5 ^ ctllu u XiTtpxcmGn u uhc jDânâpaSS 
filter. The design procedure and calculations are presented 
in Appendix D. 
Demodulation The filtered carrier signal is proc­
essed and presented to the input of a binary PSK demodulator 
(Fig. 27c). The signal presented to the input of the demodu­
lator must have a duty cycle of 50% ± 4%, that is a symmetri­
cal square wave (Motorola, 1976). 
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The symmetrical square wave is generated by a zero-
crossing detector. The circuit takes the form of a high-gain 
amplifier which changes states each time the input signal 
changes polarity. An AC logarithmic amplifier with feedback 
current, IC7, creates a log output voltage due to the feed­
back diodes D5 and D6 and it minimizes phase error (Jung, 
1977). The output voltage is nominally the forward voltage 
drop of either diode. The voltage comparator, IC8, translates 
the output voltage of the zero-crossing detector to voltage 
levels compatible with CMOS circuits. The resulting square 
wave is symmetrical and its frequency follows that of the sine 
wave carrier signal. 
The FSK demodulator of the digital modem IC9 demodulates 
the received signal carrier and yields a serial stream of 
bits. Demodulation can also be performed by a linear FSK 
demodulator implemented with a resistor-capacitor filter and 
phase-lock loop circuit (Mills, 1971). Such a demodulator was 
initially built and tested; it performed well but required too 
many discrete parts. A linear FSK demodulator which can be 
implemented with a dedicated chip and a minimum number of 
discrete components (EXAR, 1979), is presented in Appendix E. 
A digital demodulator, however, is specified because the 
analog or linear version tends to be inherently less stable 
and needs calibration (Lancaster, 1978b). 
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Decoding A UART converts the serial stream of binary 
bits from the demodulator into an 8-bit parallel word (Fig. 
27c). The UART*s receiver is used to decode the received data 
bits and serialize them. The outputs labelled RBO to RB7 
represent the binary-coded pen number. 
The same inputs that program the transmitter word length 
and format (Fig. 25a) are used to identically program the 
receiver section of the UART. The word format is one start 
bit, two stop bits, 8 data bits and an even parity bit. 
The UART receiver provides a parity error bit at pin 13 
and a framing error bit at pin 14. The line PE goes to a 
logic "1" if the received character or word parity does not 
agree with the selected parity; the line FE goes to a logic 
"1" if the receiver character has no valid stop bit. The 
signals PE and FE are used to check the validity of the 
received data. 
The UART is reset after power is applied to the circuits. 
The reset power-on generator based on IC12 resets the UART. 
The bit-rate generator ICIO generates a 300-baud rate. 
RCV channel selection A selector circuit enables 
either the right RCV channel or the left RCV channel according 
to the state of the feeding cycle and the mode of operation 
(Fig. 28). 
The channel selector is reset to zero upon initial power­
ing of the control circuits. In the automatic mode and upon 
Figure 28. Schematic diagram of circuit selecting RCV 
channel 
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initialization of a feeding cycle, the right RCV channel is 
selected, thus enabling identification of right-handed pens. 
At the end of the feeding path, both channels are disabled. 
The feeding vehicle moves to the beginning of the feeding path, 
then reverses its direction of travel and resumes its travel 
in the forward direction. Upon identification of the BGNP 
marker (Fig. 21), the left RCV channel is selected, thus 
enabling identification of left-handed pens. 
The three-position manual switch allows three modes of 
operation : 
1. Automatic identification of all pens as described 
in the previous paragraph. The feeding cycle is 
complete and automatically executed. 
2. Selection of right RCV channel and identification 
of right-handed pens. The feeding cycle is partial 
and can be executed either automatically or manually. 
3. Selection of left RCV channel and identification of 
left-handed pens. The feeding cycle is partial and 
can be executed either automatically or manually. 
Both RCV channels are disabled at the end of a feeding 
cycle. 
Validation of received pen number 
The received binary-coded number is sent to a circuit 
(Fig. 29) that detects transmission and bit errors induced by 
noise interference, and validates it if specific requirements 
Figure 29. Schematic diagram of circuits (a) controlling the 
RCV UART, (b) validating the received pen number 
and (c) detecting failure of RCV circuitry 
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are met. The block diagram governing operation of the valida­
tion circuit is shown in Figure 30. A received word number is 
considered valid if two identical words are consecutively 
received without transmission error. 
The UART's receiver is controlled by the circuit of 
Figure 29a. This circuit enables data reception and detects 
framing error, FE, and parity bit error, PE, that may occur 
during transmission. The UART's receiver generates a logical 
"1" on the lines labeled FE and PE if the received word is 
not valid. The control circuit asks the UART's receiver to 
receive another word if either one or both PE and PE lines 
display a logical "1." The PE, PE, DAV and RDAV lines carry 
signal from and to the RCV UART (Pig. 27c). 
The valid received words are stored in latches IC6 and 
IC7 and presented to a comparator circuit (Pig. 29b). When 
both latches hold the same word, the word represents a valid 
pen number and a signal SPNl is generated. However, should a 
wrong number be received because of interference, which is 
not the same as the number in the second latch IC7, the 
circuit calls the UART to receive another word or character. 
This procedure may be repeated 3, 4 or 5 times depending upon 
the circuit setting. The operation of these circuits is con­
trolled by a sequencer (Fig. 29b). 
If the circuit fails to identify valid word data after N 
trials, the counter IC12 records the failure and the vehicle 
Figure 30. Flow diagram of pen number identification logic 
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moves to the next pen (Fig. 28c). The control logic commands 
the vehicle to move back to the feedmill and activates a 
failure signal in the instance the pen identification system 
is unable to identify NP pen (Fig. 29c). 
The circuit controlling the UART operation and validating 
the received number is enabled by a mechanical position switch 
sensing the beginning of each pen. The switch is mounted on 
the vehicle and is actuated by a marker located near the pen 
transmitter. The mechanical position switch must close only 
when the vehicle moves in the forward direction, because the 
beginning of a pen is taken as the pen boundary closer to the 
feedmill. 
The reliability of the pen number transmission system is 
very satisfactory with laboratory tests indicating 1 identifi­
cation failure out of 950 different transmitted numbers. Data 
were obtained with a breadboarded circuit which is very suscep­
tible to noise interference. A circuit built on a printed 
board will yield better performance. The XMIT and RCV coils 
were spaced 5 and 10 cm apart. 
Pen retrieval 
While the vehicle is delivering feed to a pen, feeding 
operation may be interrupted because of the occurrence of one 
of the following events: 
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(a) mechanical failure 
(b) failure of measuring circuit 
(c) empty feed box 
(d) manual command to move vehicle to feedmill 
The feeding process is then interrupted and the vehicle 
moves to the feedmill. The number of the pen where feeding 
was interrupted must be stored in order to retrieve this pen 
and resume feeding until completion. 
The circuit retrieving a pen is presented in Figure 31. 
The circuit consists of latches and comparators. For normal 
operation, the pen number is stored in the latch ICS upon the 
occurrence of the signal SPNl. The latch IC6 is then disabled. 
Upon the occurrence of a signal interrupting feed delivery to 
a pen, the latch ICS is disabled and holds the pen number 
while the latch IC6 is enabled. When the logic system re­
enters the feeding mode, the vehicle moves toward the pens 
which are sequentially identified. Each identified pen number 
is transmitted to comparators through the latch IC6 and com­
pared to the number stored in ICS. Feeding operation resumes 
when both latches contain the same number which represents 
the pen where feed must be added. 
The lines labelled PO to P7 hold the pen number and con­
stitute the address lines of the memories storing feedlot data. 
The circuit based on IC4b is a reset power-on generator 
which resets, clears or initializes circuits after they are 
Figure 31. Schematic diagram of circuit retrieving a pen 
following exit from feeding cycle 
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first activated (Lancaster, 1977). It makes circuits come up 
in the right state. Several R/PWR lines must be used to 
reduce the capacitance associated with long lines, if a single 
R/PWR line is too long. 
End of feeding cycle 
A feeding cycle is terminated when all pens requiring 
feed have received their feed rations. The end of a feeding 
cycle is detected by the circuit of Figure 32. 
The number of pens which must be delivered feed is set 
by thumbwheel switches. The preset number is compared with 
the identified pen number and the output of the comparator 
goes high when both numbers are identical. The signal MBF5, 
which indicates the termination of the feeding cycle, is 
generated upon completion of feed delivery to the pen whose 
number is set by the thumbwheel switches. The preset number 
must be set in conjunction with the setting of the RCV chan­
nel selector (Fig. 28) to obtain a partial or complete auto­
matic feeding cycle. 
The BCD thumbwheel switches and associated circuits 
allow 399 pens while the 8-bit binary code allows only 255 
pens. If the preset number exceeds 255, the vehicle will 
overtake the feeding path limit (Fig, 1) as the control system 
attempts to identify a disallowed number, and make an emer­
gency stop. A detector consisting of a comparator and an 
Figure 32. Schematic diagram of circuit detecting end of feeding cycle 
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alarm can be added to the circuit of Figure 32 to warn the 
operator of a disallowed state and thus eliminate unwanted 
stops. 
Initialization circuits 
The binary-coded pen number is transmitted to the address 
lines of memories that store data required to enable the auto­
matic execution of a feeding cycle (Fig. 33). Data stored in 
memories are as follows: 
1. Pen feed or quantity of feed required per pen. 
2. Pen feed ration. 
3. Pen length. 
4. Pen location. 
5. Pen feeding status. 
Upon reception of a coded pen number, the logic control 
unit retrieves in the proper location of the memories all the 
feeding data for the particular pen and initializes the 
circuits implementing the feeding logic diagrammed in Figure 
15. All memories have 8 address lines that can select any of 
the 256 stored words of various length in any sequence. 
The binary representation of a pen number forms an input 
address combination of I's and 0's that select a unique digi­
tal word whose content appears at the outputs of the memory. 
Each selected word corresponds to a pen whose number has been 
identified and presented to the memories by the circuits of 
Figure 31. 
Figure 33. Schematic diagram of circuits for (a) memory 
address interface, (b) pen feed memories and 
(c) pen length memories 
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Figure 33a shows the interface between the CMOS circuits 
and the address lines of the memories which operate from a 
5-V power supply. ICI, IC2 and IC3 do the voltage transla­
tion and drive the address lines of permanent memories IC4, 
ICS, IC9, ICIO and ICll. The output lines labelled AO to A7, 
hold the same pen number as the input lines labelled PO to P7, 
but are compatible with the memory address lines. 
Pen feed The quantities of feed, PF, to be delivered 
to each pen are stored in electrically-programmable read-only 
or EPROM memories (Fig. 33b). EPROMs are PROMs whose content 
can be erased by exposing the chip to ultraviolet light so 
that it can be reprogrammed (National Semiconductor, 1977; 
Lancaster, 1978b). Each EPROM has an organization of 256 
words of 8 bits and two EPROMs can store 16-bit words. 
The output bits labelled FO to Fll hold the BCD repre­
sentation of the quantities of feed to be delivered to pens. 
The unit decade is not loaded, so that the feed must be 
multiplied by 10 to get the correct weight of feed. The 12-
bit word represents three most significant decades. Any feed 
weight from 10 to 9990 kilograms may be represented in the 
two EPROMs but only numbers from 1 to 999 are stored in the 
memory. Weight of feed expressed in pounds may also be stored 
in the memories. 
Pen feed ration The bit Q1 (Fig. 33b) indicates 
which of two feed rations is to be fed to a pen; a logical "0" 
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denotes the ration #1 and a logical "1" denotes ration #2. 
The three remaining bits Q2, Q3 and Q4 are not used. They can 
be used to control an optional metering auger distributing 
feed concentrate, providing up to seven metering rates and a 
stop position (Puckett et al., 1973). 
EPROM programming The ration must be changed at 
regular intervals and the content of the EPROM memories must 
be altered. The user must use a commercial programmer to 
program the EPROM, or special programming circuits driven by 
business microcomputers may also be used (Hammond, 1978). The 
microcomputers are programmed to copy data in their memories 
into the EPROMs. At the present, most large feedlots already 
operate business computers or microcomputers for accounting 
purposes and to control feed processing equipment. 
Pen length and location The length of each pen, 
having units of thirds of a meter or feet, is stored into the 
FROM memories ICS, IC1Û and ICll (Pig. 33c). The PROM memory 
may be field programmed and, once programmed, its content 
cannot be altered (Lancaster, 1977, 1978a). The three speci­
fied PROM memories have an individual organization of 256 
words of 4 bits, thus yielding 256 words of 12 bits. 
The first ten bits, labeled LO to L9, represent the 
length of a pen in the BCD code. Therefore, the maximum pen 
length which can be represented by the ten bits is 399 x 1/3 
meter or 133 meters; in the conventional system of units, the 
175 
maximum length would be 399 feet. The ten-bit BCD word is 
sufficient to meet all current sizes of pens (Elam and 
Grainger, 1977). The expression of a unit of length as a 
third of meter or as a foot yields more resolution in the com­
putation of the feed rate, FR, and allows the use of either 
the SI or the conventional system of units, while having the 
same resolution. 
The eleventh bit, LlO, identifies the side of the feed 
vehicle where the pen is located. A logical "1" represents a 
pen located on the right side of the vehicle while a logical 
"0" represents a pen located on the left side as the vehicle 
is viewed from the rear. The rear of the vehicle is the end 
facing the feedmill while the vehicle is moving away towards 
the pens (Fig. 1). 
The twelfth bit, Lll, is not used. 
Interface circuits The EPROM and PROM memory 
outputs are interfaced with CMOS circuits by circuits that 
translate the logic voltage levels from 5 to 12 volts (Fig. 
33b, c). The voltage translators consist of TTL chips and 
resistors (Blandford and Bishop, 1974a; Jorgensen and Redfern, 
1975; Lancaster, 1974, 1977). 
Feeding status The feeding status of a pen is defined 
by a one-bit word. A logical "0" denotes a pen that has not 
received feed while a logical "1" denotes a pen that was 
delivered its allocated quantity of feed. After the pen is 
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identified, the logic control unit reads the pen feeding 
status from the RAM memory, then delivers feed if the RAM out­
put line holds a logical "0." A logical "1" is written into 
the memory location addressed by the binary-coded pen number 
when the pen has received its allocated quantity or weight of 
feed. A logical "1" is also written in the memory location 
selected by the code of a pen that is identified but does not 
request feed. The logic unit instructs the vehicle to skip a 
pen having a feeding status "1" and to move to the next pen. 
A CMOS RAM memory having an organization of 256 words of 
1 bit is specified for this application, where micropower or 
battery operation and high noise immunity are required (Fig. 
34). The eight binary address lines are decoded to select 
each of the 256 locations. The data is read out by selecting 
the proper address lines and bringing the CE3 line low and the 
write enable line, WE, high. Data is written into the memory 
by selecting the proper address and bringing the CE3 and WE 
lines low (National Semiconductor, 1977). The suggested RAM 
circuit permits reading and writing of data and incorporates 
a battery back-up circuit. 
READ operation Data is read out by two different 
circuits. The first read circuit permits reading the feeding 
status of every pen after a feeding cycle has been completed. 
By closing the switch labelled "AUTO/READ," the operator will 
identify pens that did not receive feed or were not identified. 
Figure 34. Schematic diagram of RAM memory and READ/WRITE 
circuits 
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In effect, the circuit automatically scans every memory loca­
tion and stops if a memory location holds a logical "0"; the 
pen number is then displayed by the data display DD2. Follow­
ing an interruption, the operator again closes the switch to 
resume scanning. The AUTO/READ circuit resets itself after 
all memory addresses are scanned. 
The second read circuit permits the control unit to read 
out the contents of the memory location addressed by the 
received pen number. A signal presented on the input line 
labelled "READ" of IC5a, enables the read circuit. The data 
is read out upon identification of a pen. 
WRITE operation Data can be written into the 
memory by two different circuits. The first write circuit 
erases the memory content by automatically writing "0" into 
all memory locations; this "ERASE" cycle is initiated by 
closing the switch labelled "AUTO/ERASE" momentarily. The 
circuit scans every memory location and resets itself. The 
second write circuit writes a logical "1" into the addressed 
memory location when feed delivery to a pen is completed. 
Upon completion of feed delivery, a signal PFC is generated 
and presented to the input line labelled "WRITE" of IC6a, thus 
enabling the write circuit. 
During the "ERASE" and the AUTO/READ cycles, the outputs 
of the latch ICll are switched into the third state, while 
the RAM addresses are generated by the binary counter IC13, 
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and transmitted by the tri-state latch IC12, then in the 
active mode. 
Standby operation A standby-battery circuit is 
suggested to power the RAM chip during a power failure in 
order to preserve the data stored in the CMOS memory should a 
power failure occur during a feeding cycle (Motorola, 1976; 
Lancaster, 1977). When the power supply Vdd operates normally, 
the battery is trickle-charged through a resistor which sets 
the charging rate. In case of failure of the 120-V power 
source, the relay is de-energized, bringing the CE2 line to a 
logical "1," which disables the output lines of the RAM memory. 
The capacitor discharges slowly and the voltage Vb drops to 
the battery voltage level minus the voltage drop across D2. 
The RAM may retain stored data over one month when powered by 
the standby battery circuit (Lancaster, 1977). 
Feeding logic circuits 
The logic circuits presented in Figures 35, 36 and 37 
implement the feeding mode logic diagrammed in Figure 15. The 
circuits incorporate sequencers, adders, substractors, compara­
tors, rate multipliers and memory elements to perform the 
various arithmetical and logical operations required to auto­
mate feed delivery to a pen. 
Interface and detection of empty feed box The TTL 
outputs of the digital scale are converted to CMOS-voltage 
level by the circuits of Figure 35. The TTL chips and 
Figure 35. Schematic diagram of circuits interfacing with 
TTL outputs of digital scale and detecting empty 
feeding vehicle 
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resistors form TTL-to-CMOS converters. The gates IC4, 5 and 6 
constitute a weight detector circuit that generates an output 
signal MBF4 when either feed box of the vehicle is empty. The 
logic control unit exits from the feeding mode and moves the 
vehicle to the feedmill for reloading (Pig. 16) upon genera­
tion of the signal MBF4. A failure of the scale will also be 
detected if all its output lines hold logical "0's." 
Sequencers The operation of the feeding logic cir­
cuits is regulated by logic sequencers to avoid potential 
racing conditions (Fig. 36). The two sequencers control the 
READ/WRITE operations and the feeding circuits presented in 
Figure 37. They consist of decade dividers whose outputs are 
sequentially decoded. The first sequencer, based on ICS, is 
enabled by the signal SPNl and controls the following opera­
tions : 
1. Read pen feeding status. 
2. Write "1" in RAM memory if no feed is required. 
3. Read initial feed weight, IF. 
4. Compute feed rate. 
5. Enable second sequencer if feed delivery is 
requested. 
The first sequencer resets circuits and stops if the 
identified pen does not require feed. The signal PË3 enables 
the feed conveyor drives. The gates ICIO, 11 and 12 detect a 
pen not requiring feed. 
Figure 36. Schematic diagram of circuits sequencing the 
feeding logic circuits 
186 
IC2a 
ICla 
IC5 
Dout 
IC2b 
IC9a 
iVd 
WRX 
IC9b 
CL 12 
IC2C 
FRO IC2d 
RS3 
IC6 IClb 
12 
DFO 
IClc 
R/PWR 
RESET 
IC4b 
STR 
Fig. 37c' 
To Digital 
Scale I V 
feed Box #1> • 
To Digital 
Scale I s. 
Vd 
MBFl 
MBF2 
Vd Vccl 
From Fig. Feed Box 
ICI, MCiUo'4-3, Quad NOR R-S Latch" 
IC2> MC14091, Quad 2-Input AND Gate 
IC3i MC14071, Quad 2-Input OR Gate 
IC4: MG14075, Triple 3-Input OR Gate 
IC)i 6 ! MCl401?i Decade Counter/Divider 
IC7i KC14069, Hex Inverter 
ICS I MC14050, Hex Buffer/Voltage Translator 
IC9i MC14013, Dual D Flip-Flop 
187 
2 
Vd 
ICIO 
Fll 
FIO 10 
Vd 
F9 11 CO 
en 
F8 
To IC3b 
pin b IC12 
F6 Vd 
F5 
F4 
ICll F3 
T75 
11 F1 
12 FO 
ICIO,11: MC1A078, 8-Input NOR Gate 
IC12: MC14081, Quad 2-Input AND Gate 
Figure 36 (Continued) 
188 
The second sequencer, based on IC6, controls the circuits 
performing arithmetical and logical operations on the feeding 
variables (Fig. 37). The functions of the sequencer output 
signals are described in Table 6. 
Table 6. Description of sequencer output signals 
signS Functions 
RSI Read travelled pen distance (Fig. 23a) 
RS2 Read feed weight, W, and compute AF (Fig. 37b,c) 
RS3 Compute desired feed DF, DFIO (Fig. 37d,e) 
RS4 Compare AF to PF (Fig. 37f) 
RS5 Compare AF to DF (Fig. 37f) 
RS6 Compare AF to DFIO (Fig. 37e,f) 
Arithmetical and logical circuits These circuits 
(Fig. 37) compute the feeding variables AF, DF, DFIO, compare 
them and generate signals to control the speed of the conveyor 
and ground drives. 
The theoretical feed rate, FR, is computed for each pen 
by BCD rate multipliers and programmable down counters wired 
to divide the variable PF by the pen length (Fig. 37a), The 
desired quantity of feed to be delivered to a pen according to 
the travelled distance, DF, is computed by BCD rate multi­
pliers and programmable down counters wired to multiply the 
Figure 37. Schematic diagram of circuits to (a) compute 
theoretical feed rate, (b) read initial and 
actual feed weight of feeding vehicle, 
(c) compute actual delivered feed, (d) compute 
desired feed, (e) compute DFIO, (f) monitoring 
delivered feed and (g) decode control signals 
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feed rate, FR, by the travelled distance (Fig. 37d). The 
design of the circuits performing division and multiplication 
is based upon standard procedure and specialized digital IC 
chips (Lancaster, 1974; Summers, 1979). The rate multipliers 
are cascaded in the "Add" mode (National Semiconductor, 1977; 
RCA, 1977b) . 
The actual quantity of feed delivered to a pen, AF, is 
computed by subtracting the actual feed weight, W, from the 
initial feed weight IF, recorded at the beginning of feed 
delivery (Fig. 37a). The circuit of Figure 37c incorporates 
latches that store AF, should the control logic unit exit 
from the feeding mode. When feeding resumes, the computed 
delivered feed is added to the delivered feed stored in the 
latches IC9, 10, 11 and 12. 
The desired feed plus 10%, DFIO, is obtained by adding 
DF to itself, while shifting decades or eliminating the least 
significant decade of DF (Fig. 37d). This mathematical opera­
tion does guarantee that DFIO does not exceed 110% of DF, but 
not that it equals 110% of DF, as decade shifting drops LSB 
bits and thus introduces errors. These errors do not affect 
the closed-loop feeding logic that continuously compared 
actual delivered feed with required feed for a pen, and inter­
rupts the feeding sequence when both variables are equal. 
Feed monitoring and control signals The quantity of 
delivered feed is continuously monitored by the comparison 
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circuit diagrammed in Figure 37f. This circuit sequentially 
compares the actual delivered feed, AF, with PF, DF and DFIO. 
It generates three control signals that are processed and 
decoded by the circuit of Figure 37g according to the control 
diagram of Figure 38. The signals CWl and CCWl control the 
speed of the conveyor drives. The signal CWl commands the 
logic control unit to increase the speed of the conveyor drive 
while the signal CCW commands it to decrease the speed of the 
conveyor drive (Fig. 38). 
The signal PFC stops the conveyor drives, resets the 
feeding circuits, enables writing "1" in the RAM memory, and 
sends out a signal to a printer. The PFC signal is delayed to 
allow recording of the feed delivered to a pen. 
All the circuits of Figures 35, 36 and 37 are reset after 
power is first applied. 
Control circuit for conveyor drives 
The speed of the two bed conveyor drives is controlled 
by a single hydraulic flow control valve which is positioned 
by a stepper motor (Fig. 6). There is a single speed control 
circuit for the two bed drives, because only one conveyor 
drive is enabled at a time. The block diagram of Figure 39 
shows the electronic and mechanical subsystems that position 
the flow control valve and thus control the speed of the con­
veyor drives. Speed control circuits for the conveyor drives 
are presented in Figure 40. 
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Figure 38. Speed control diagram of feed conveyor drives 
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Figure 39. Block diagram of flow-control valve command 
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Operation The speed control circuits respond to com­
mands generated by the feeding logic circuits (Fig. 37) and 
behave according to the flow diagram describing the operation 
of the control system in the feeding mode (Pig. 15). Its 
operation is as follows: 
1. Upon identification of a pen, a bed conveyor drive 
is selected and its speed is initialized (Fig. 39). 
The vehicle speed is also initialized. 
2. As feeding proceeds, the feeding logic circuits 
override the set speed command and regulate the bed 
conveyor speed in order to achieve the desired feed 
rate to maintain the actual delivered feed, AF, 
between the desired feed levels, DF, and DFIO (Fig. 
37f) . 
3. The ground drive speed is increased or decreased by 
one step, if the conveyor flow control valve is set 
at either the maximum or the minimum value, to pro­
duce the desired feed rate. 
4. When the pen has received its allocated amount of 
feed, the following actions take place simultaneously; 
a) The directional hydraulic valve is de-activated 
so that the selected bed drive stops. 
b) The flow control valve is repositioned at its 
initial position defined by the binary number 
entered in ICI. 
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c) The ground drive speed, if changed during feeding, 
is reset to its initial value. 
Control circuits The speed of the bed drive is con­
trolled by a closed-loop circuit (Fig. 40) and a stepper motor 
(Fig. 41) which positions the hydraulic flow control valve 
affecting the speed of the hydraulic bed drive, as illustrated 
in Figures 7 and 8. 
Flow control valve positioning The flow control valve 
is positioned by a digital closed-loop circuit consisting of: 
a) a circuit generating a reference position for the 
valve (Fig. 40a) 
b) a feedback position circuit measuring the actual 
valve position (Fig. 40b) 
c) a comparison circuit which compares the reference 
position of the valve with its actual position 
(Fig. 40a) . 
The suggested position control scheme uses four binary 
bits and allows up to 16 discrete settings or positions for 
the flow control valve, that is 16 discrete speeds for the 
bed drive. The number of allowed settings will be dictated 
by the resolution of the specified control valve (Holzbock, 
1968; Puckett et al., 1973). 
Reference valve position The valve reference 
position is defined by four switches and the control signal 
CWl and CCWl (Pig. 40a). Upon identification of a pen, the 
Figure 40. Schematic diagram of circuits (a) to control 
stepper motor actuating hydraulic flow control 
valve and (b) to sense and encode position of 
flow control valve 
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binary-coded valve position is presented at the parallel in­
puts of the preset-table up-down counter, ICI, and loaded. 
It appears at the counter output lines. The switches define 
the initial position of the flow control valve. The position 
"8" would be suitable to initialize the bed drive speed, as it 
corresponds to 50 percent of the conveyor maximum speed. 
As feed delivery proceeds, the feeding logic circuits 
generate the signal CWl and CCWl, which modify the valve 
setting. The signal CWl causes the counter to count up by one 
increment, while the CCWl signal causes the counter to count 
down by one increment, thus setting new valve positions. 
The speed control circuit includes a timer which is 
enabled every time the setting of the flow control valve is 
changed; the timing delay may be digitally set from 0.28 to 
9.1 seconds (Fig. 40a) to accommodate a particular system. 
Any command to increase or decrease the bed drive speed, that 
is the valve setting, is ignored until the delay has timed 
out. The introduction of a delay determines the number of 
setting changes per unit of time for the valve. It also pre­
vents too frequent corrections in the valve setting and mini­
mizes cogging wear in the control mechanism of the flow valve 
(Superior Electric, 1976) . 
Feedback valve position The actual valve position 
is measured by a feedback position sensor (Fig. 41) so that 
the control logic knows the valve position at start-up during 
D3 D2 
Q4 
Figure 41. Schematic diagram of photoelectric encoder to sense position of flow 
control valve 
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feed delivery and after a system failure. The feedback posi­
tion sensor consists of a photoelectric, 4-bit, gray-coded 
encoder which is mounted on the control shaft of the flow 
control valve (Fig. 40b, 41). A gray code is a modified 
binary code in which only one bit changes at a time, thus 
eliminating any ambiguity that might occur when two bits change 
at the same time as with the binary code (Sheingold, 1975). 
The gray code is converted into the binary code (Fig. 40b) and 
the coded valve position is presented to the inputs of the 
comparator IC2 (Fig. 40a). 
Position comparison The valve reference position 
and the actual position are compared by the binary comparator 
IC2 (Fig. 40a). The comparator generates three signals. The 
signal CW and CCW are decoded by the flip-flop IC3b that pro­
duces the control signal CW/CCW. This signal determines the 
direction of the rotation of the stepper motor. The signal 
INH stops the stepper motor when the reference position and 
the actual position are identical. The clock CLS is disabled 
on the occurrence of the signal INH. 
Stepping rate The stepping rate is the number of 
pulses per unit of time sent to the stepper motor; it deter­
mines the rotational speed of the motor according to Equation 
16. It is generated by the bit-rate generator ICll, whose 
output frequency is divided by the counter IC12 (Fig. 39a). 
The stepping rate appears on the line labelled CLS. Table 7 
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Table 7. Selection of stepping rates 
Truth table for rate select inputs stepping rate 
S3 S2 SI SO S CLS (Steps/s) 
1 1 1 0 1 24 
0 1 0 1 1 32 
1 1 0 1 1 48 
0 0 1 0 0 80 
0 1 1 0 1 96 
0 0 1 1 0 120 
1 0 1 1 1 192 
presents the truth table used to program the bit-rate generator 
and counter to generate the listed stepping rates. 
Interface with ground drive The lines labelled 
Up/Down and CLG transmit signals to the circuits controlling 
the speed of the vehicle ground drive during feeding (Fig. 40a). 
A logical "0" on the Up/Down line decreases the vehicle speed 
while a logical "1" increases the vehicle speed. These two 
lines are enabled when the counter outputs indicate either 
"15" or "0," which represent the totally open and the nearly 
closed position of the flow control valve. 
Stepper motor command The flow control valve is posi­
tioned by a stepper motor. The stepper motor may rotate in 
either clockwise or counter clockwise direction according to 
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a train of coded pulses which are generated by a digital state 
generator (Fig. 42a) and amplified by current drivers (Fig. 
42b). 
The step and pulse sequences required to obtain bidirec­
tional rotation of a four-phase stepper motor are presented 
in Figure 43. The line CW/CCW controls the direction of rota­
tion of the motor. A logical "1" on the CW/CCW line forces 
the motor to rotate clockwise while a logical "0" forces it 
to rotate counter clockwise. The stepper motor stops in the 
absence of pulse and holds the valve in the selected position, 
due to residual torque (Beling and Morin, 1973a). 
The speed of a given stepper motor is predicted by Equa­
tion 16 and determined by the stepping or pulse rate. The 
stepping rates available are listed in Table 7 and must not 
exceed 300 (Electromechanical Design, 1973). The selected 
stepping rate will be dictated by the stepper motor, the 
torque and inertia of the flow control valve, and the gear 
ratio between the motor shaft and the valve control shaft 
(Superior Electric, 1976). 
The coils of the stepper motor are driven by current 
drivers (Fig. 42b) which amplify the output pulses of the 
state generator (Fig. 42a). The drivers usually consist of 
high-power switching Darlington transistors having a very high 
gain, so that they can be driven by CMOS buffers (Beling and 
Morin, 1973b; Blandford and Bishop, 1974a; Lancaster, 1977) . 
Figure 42. Schematic diagram of stepper motor drive; (a) state generator and 
(b) drivers 
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The selection procedure for the resistor R, is presented 
by Blandford and Bishop (1974a). The resistor Rm (Fig. 42b) 
is selected for a particular combination of stepper motor and 
load; its determination is discussed by different authors 
(Deling and Morin, 1973a; Superior Electric, 1976). The 
driving circuits of Figure 42 may be substituted by driving 
cards which incorporate the state generator and drivers. 
Driving cards are usually available from manufacturers of 
stepper motors (Superior Electric, 1976). 
Control circuit for ground drive 
The ground speed of the feeding vehicle is modulated by 
varying the displacement of a variable-displacement pump 
(Fig. 6). The pump displacement is set by a digital displace­
ment control which consists of a speed initialization circuit, 
stepper motor, feedback sensor and control logic (Figures 45, 
46 and 47). The stepper motor actuates the pump swash plate 
which controls the pump displacement and the ground drive 
speed (Sundstrand Corporation, 1972). The pump displace­
ment is set by a digital closed-loop control system. The 
vehicle ground speed, however, is controlled by an open-loop 
system. 
The block diagram of Figure 44 shows the electronic and 
mechanical subsystems needed to modulate the vehicle ground 
speed. 
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Figure 44. Block diagram of pump displacement control to modulate ground drive speed 
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Operation The speed control circuits presented in 
Figures 45 and 46 implement the flow diagram governing the 
operation of the ground drive during a feeding cycle (Fig. 9). 
They are also needed to implement the feeding mode logic 
(Fig. 15). They respond to commands generated by the speed 
control circuits of the bed conveyor drive (Fig. 40) and by 
the logic control unit. Their operation is as follows; 
1. The vehicle moves at the high preset speed between 
the feedmill and the feedlot whether it is moving 
forward or backward. 
2. At the beginning of the rows, the ground drive is 
shifted to the low preset speed and the vehicle 
moves along the pens, delivering feed. The ground 
speed may then be increased or decreased, but it is 
reset to the low preset speed whenever feed delivery 
to a pen is completed. 
3. At the end of the rows, the vehicle stops, shifts 
to the high speed and moves in reverse toward the 
beginning of the row. Two alternatives are then 
possible: 
(a) the vehicle moves to the feedmill if the feeding 
cycle is completed 
(b) it stops at the beginning of the row, shifts to 
the low speed and moves forward, and feeding 
resumes if the cycle is not completed. 
Figure 45. Schematic diagram of speed initialization circuit 
for vehicle ground drive 
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4. Upon the occurrence of any signal MBFl through 
MBF6, the feed conveyors stop and the vehicle moves 
to the feedmill at the high preset speed. 
5. The vehicle stops upon a manual stop command or an 
automatic stop command which is generated when the 
control system enters the emergency mode (Fig. 18). 
Speed initialization The vehicle ground speed is 
initialized by the circuit of Figure 45, which provides three 
different speed settings: Neutral, Low and High. The ground 
drive is set in Neutral after power is first applied to the 
control circuits, when an emergency stop command is generated, 
or when the vehicle moves beyond the travel limits of the 
feeding path (Fig. 1). The high speed is selected when the 
vehicle is moving, but the control system is not in the feeding 
mode. The low speed is selected when the control system is in 
the feeding mode. The shift between the low and the high pre­
set speeds is automatically controlled by the initialization 
circuit. The vehicle speed may also be fixed at the low 
setting if the high speed is not wanted. 
The low and high speeds may be preset at different values 
to accommodate a particular system. The low speed setting must 
not exceed the high speed setting for proper operation of the 
control system in the feeding mode. 
The initialization circuit includes provision for the 
failure signal MBF6 (Appendix J). The jumper between the input 
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lines 10 and 11 of IClb is removed to use the signal MBF6. 
Pump displacement control The pump displacement is 
set by a closed-loop digital circuit that controls rotation of 
the stepper motor actuating the pump swash plate. The closed-
loop circuit consists of: 
(a) a circuit generating a reference displacement 
according to the selected preset speed (Fig. 45) 
(b) a feedback position circuit measuring the actual 
pump displacement (Fig. 46b) 
(c) a comparison circuit which compares the reference 
pump displacement with the actual displacement 
(Fig. 46a). 
This control circuit is nearly identical to the position 
control circuit suggested for the flow control valve (Fig. 40). 
It uses four binary bits and allows up to 16 discrete settings 
for the pump displacement, that is 16 discrete ground speeds, 
including the Neutral. 
Reference pump displacement The reference pump 
displacement defined by the speed initialization circuit (Fig. 
45), will be increased or decreased in response to the command 
CLG (Fig. 46a) originating from the control circuit of the flow 
control valve (Fig. 40a), The command CLG is generated when 
feed is delivered to a pen and the flow control valve is 
positioned at either its maximum or minimum setting in order 
to achieve the desired feed rate (Fig. 15). Speed decrease is 
mostly expected when the feed rate is very high. 
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Feedback pump displacement Actual pump displace­
ment is measured by a 4-bit gray-coded photoelectric sensor 
shown in Figure 41. The sensor is mounted on the displacement 
control shaft of the pump. The circuit of Fig. 46b encodes 
the sensor signals and converts them into the binary code. 
The binary-coded pump displacement is presented to the input 
of the comparator IC2 (Fig. 46a). 
Position comparison The reference and actual pump 
displacement are compared by the binary comparator IC2 (Fig. 
46a) which generates three output signals on the lines 3, 12 
and 13. The signals presented on lines 12 and 13 are decoded 
by IC3 that yields the control signal CW/CCW. This signal 
determines the direction of rotation of the stepper motor. A 
signal is present on line 3 when the reference and actual pump 
displacement are identical and it inhibits the clock CLSG, thus 
stopping the stepper motor. 
Stepper motor command A four-phase stepper motor (Fig. 
47b) actuates the pump control shaft and may rotate in either 
clockwise or counterclockwise direction in response to a train 
of coded pulses. The pulses are generated by a digital state 
generator (Fig. 47a) and amplified by current drivers that 
drive the motor coils (Fig. 47b). The step and pulse sequences 
required to obtain bi-directional rotation are presented in 
Figure 43. The resistors R and Rm are selected for a specific 
stepper motor and a given application (Deling and Morin, 1973a; 
Blandford and Bishop, 1974a; Superior Electric, 1976). 
Figure 46. Schematic diagram of circuits (a) to control 
stepper motor setting the ground-drive pump 
displacement and (b) to encode pump displacement 
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The speed of a given stepper motor is determined by the 
stepping or pulse rate, according to Equation 16. The desired 
stepping rate is digitally selected by programming the switches 
S, SO, SI, S2 and S3 (Fig. 46a) according to the truth table 
presented in Table 6. The selected stepping rate will be 
dictated by the stepper motor and load characteristics, such 
as inertia, torque, response and gear ratio between the motor 
and the pump control shaft (Superior Electric, 1976). 
Driving cards which incorporate digital state generators 
and current drivers, are available from manufacturers of 
stepper motors (Superior Electric, 1976). 
Control circuit for hydraulic drives 
The hydraulic drives operating the vehicle functions are 
controlled by the logic circuit of Figure 48. This circuit 
controls the start-stop sequences of the various hydraulic 
drives actuating the conveyors and propelling the vehicle (Fig= 
6). But it does not modulate the speed of the hydraulic drives, 
as speed modulation for the bed conveyor and ground drive is 
performed by the control circuits respectively presented in 
Figures 40 and 46. The control logic was designed after the 
flow control diagrams proposed for the vehicle control func­
tions in Figures 9, 15 and 18. This control circuit is not 
clocked but is sequential. 
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Description of circuit Sequential logic is realized 
with logic gates, R-S latches and pulse generators (Fig. 48). 
R-S latch "Set" and "Reset" inputs are triggered by pulses to 
avoid disallowed states and prevent unwanted output signals. 
The circuit of Figure 48a includes six manual commands: 
"START/FORWARD," "START/REVERSE," "STOP," "RESUME," "RESUME/ 
FEED" AND "MANUAL/RESET," to allow an operator to interact with 
the logic control system. The mechanical push-buttons are 
debounced. This circuit contains memory elements, one-and-
only-one pulse generators (Lancaster, 1977), a timer and an 
automatic power-on reset circuit. 
The timer circuit based on IC3 and ICIO produces a posi­
tive output pulse whose duration may be varied from 5 to 30 
seconds by a potentiometer= This pulse delays shifting the 
vehicle ground drive to invert its direction of travel until 
the vehicle comes to a full rest following either a "REVERSE" 
command while the vehicle is moving forward or a "FORWARD" com­
mand while it is moving backward or in reverse. The delay 
pulse is generated at the beginning and at the end of the 
feeding path. The exact pulse duration is determined by the 
dynamics of a given vehicle. The timer output is inverted so 
that the control pulse is generated only on the falling edge 
of the timer pulse. 
The power-on reset generator, based on ICla, resets all 
the circuits and sets the hydraulic drives to Neutral when the 
Figure 48. Schematic diagram of sequential logic circuits controlling hydraulic 
drives of feeding vehicle; (a) command signals and delay timer, 
(b) signal processing for ground drive and for (c) feed conveyor 
drives 
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logic circuitry is first powered at vehicle start-up, thus 
preventing unwanted commands (Lancaster, 1977). 
The signal LTT is generated only when a complete feeding 
cycle is selected (Fig. 28). It instructs the control system 
to stop the vehicle at the beginning of the feeding path, shift 
the ground drive forward and start feeding the left row, if 
vehicle was moving in reverse. 
The manual commands, failure signals MBF1,2,...6 and con­
trol signals generated by the control system, are processed by 
the circuit of Figure 48b to generate the proper sequence of 
operation. Some processing circuitry duplicate some circuitry 
specified in other control subsystems; circuitry presented in 
Figure 45 is such as example. This redundancy was added to 
increase the safety of the automated feeding system (Fried-
lander, 1973b). The circuit includes provision for the failure 
signal MBF6 (Appendix J) and remote control of the feeding 
vehicle from thé feedmill or the field. 
The logic circuit of Figure 48b also controls the start-
stop sequence and the direction of travel of the vehicle ground 
drive. This circuit operates with the speed initialization 
circuit which sets the travel speed (Pig. 45). It also 
synchronizes operation of the feed conveyor drives with that 
of the ground drive through the signals DISl and DIS2. 
The logic circuit of Figure 48c sequences operation of the 
feed conveyor drives, in response to signals DISl, DIS2, Q1 and 
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LIO. Signal Q1 instructs the circuit to enable conveyor drives 
CDl or CD2 to deliver ration #1 or #2 (Fig. 48c). Signal LIO 
instructs the circuit to deliver feed on the left or the right 
side of the vehicle. Signals RS/PWR and PE3 reset and set the 
screw and bed conveyor drives. 
Initialization of control logic Six manual commands 
are provided to initialize or set the control circuit (Fig. 
48a) : 
1. S TART/FORWARD - this command sets the ground drive in 
the forward direction and enables the hydraulic ground 
drive. It instructs the control logic to move the 
vehicle from the feedmill to the pen area for feeding 
and initiates a feeding cycle. 
2. START/REVERSE - this command sets the ground drive in 
the reverse direction and enables the hydraulic ground 
drive. It disables the conveyor drives and instructs 
the control logic to move the vehicle to the feedmill. 
If this command is given while the vehicle is moving 
forward, the vehicle comes to a full stop and starts 
moving in the reverse direction after a delay set by 
a timer. 
3. STOP - this command instructs the control logic to 
disable all functions. The vehicle stops and waits; 
the state of the logic circuit is not modified. The 
setting of the ground drive may then be changed. 
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4. RESUME - this command instructs the control logic to 
resume the operation interrupted by the STOP command 
or other signals presented at the input of IC13 (Fig. 
48b) . 
5. RESUME/FEED - this command re-enables the conveyor 
drives following manual or automatic shifting of the 
ground drive to REVERSE. The operator can override 
the control system and command feed delivery while 
the vehicle is moving in reverse. 
6. MANUAL/RESET - this command resets all the hydraulic 
drives to zero or "Neutral." It produces the same 
effect as the RS/PWR signal. 
These manual commands allow an operator to either alter 
the sequential logic of a feeding cycle or interrupt the feed­
ing cycle. A semi-automatic mode of operation is then obtained. 
Interlocked control of drives The feed conveyor drives 
MJTS dzswblsd or stepped whsnsvsr the ground dnvG is disabled^ 
or the system disabled. Conveyor drives are also disabled when 
the vehicle is shifted into the reverse direction either by the 
control logic or manually; they are automatically re-enabled 
whenever the vehicle moves forward and beyond the marker BGNP 
(Fig. 1), and a pen is identified. The conveyor drives, how­
ever, may be manually enabled following occurrence of the 
signal DIS2, by operating the push-button labelled "RESUME/FEED" 
(Fig, 4 8a). The chain-and-slat conveyors or bed drives BDl and 
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BD2 are enabled only when their associated screw conveyor 
drives GDI and CD2 are enabled in either direction (Fig. 48b). 
The braking circuit is interlocked with the ground drive 
system so that the brake is released when the ground drive is 
enabled in the forward or reverse direction. It is applied 
anytime the ground drive is in "Neutral" or disabled, or the 
whole system is disabled by the signal DISl (Fig. 48b). A 
power supply failure automatically causes the fail-safe brake 
to apply. 
Interface circuits with hydraulic valves 
Interface circuits between the sequential logic circuitry 
(Fig. 48) and the hydraulic valves controlling the vehicle 
functions are presented in Figure 49. They consist of buffers 
and AC solid-state power switching devices called solid-state 
relays (Fig. 49a); the valve solenoids are powered by the 
vehicle iSO-Vac power source^ 
Command signals generated by the sequential logic are 
amplified by the buffers ICI and IC2 and drive the valve 
solenoids through solid-state power relays (SSRs). DC-to-AC 
optically-coupled solid-state relays incorporating zero-
crossing switching, must be specified to provide voltage isola­
tion and suppress electro-magnetic interference (Soderholm and 
Bern, 1976). Solid-state relays with a continuous rating of 5 
amperes at 120 Vac and with a 50-ampere inrush rating, will 
drive most valve solenoids. 
Figure 49. Schematic diagram of circuits for (a) interface 
with hydraulic valves and (b) manual operation 
of vehicle 
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The value of resistors R is chosen so that the output cur­
rents of buffers are sufficient to drive the solid-state power 
relays SSR (Blandford and Bishop, 1974a; Soderholm and Bern, 
1976). 
Automatic or manual operation of the feeding vehicle is 
achieved through actuation of double-throw relay contacts (Fig. 
49a,b). The valves are operated by the logic circuitry when 
the relays RYl and RY2 are not excited. Vehicle operation 
reverts to a fully manual mode when both relays RYl and RY2 
are excited. The manual mode circuit consists of multiple-pole 
switches performing the required connections for the proper 
operation of vehicle functions (Fig. 49b). 
The interface circuits are powered by an independent 12-V 
power supply which draws its current from the DC power system 
of the vehicle (Appendix I). 
Clocks 
Clocked logic has been used in the design of the control 
system. In clocked logic the outputs of logic blocks do not 
change immediately after the inputs change. Instead, the out­
puts are allowed to change only at a specific time when a wave­
form appears at the clock input of the logic chip. Clocked 
logic forces the data to move in an orderly fashion, one and 
only one stage at a time, and eliminates unchecked races. 
The control system requires two clocks. Clock frequencies 
are generated by a stable CMOS crystal oscillator circuit (Fig. 
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50). The circuit uses a feedback "pi" network, which is con­
nected from output to input. The network components provide 
the 180-degree phase inversion required for oscillation and 
proper loss. At the same time, the network acts as a low-pass 
filter to prevent the crystal from running at a third or fifth 
overtone (Lancaster, 1977). The 1.0-MHz frequency is obtained 
by binary division. 
The 1.0-MHz clock is used to coordinate and sequence the 
operations of the control system. This clocking rate elimi­
nates all timing restrictions associated with logic chips 
(National Semiconductor, 1975a; Motorola, 1976; Lancaster, 1977) 
and provides enough speed for this application. The 2.0-MHz 
clock drives the BCD rate multipliers which compute the feed 
rate and the desired pen feed; it speeds up the multiplication 
and division operations. 
Data displays 
The control system incorporates two data displays to moni­
tor the logic circuits and assist in trouble-shooting the con­
trol system. 
The data display DDI (Fig, 51) provides for reading of 
three BCD-coded variables: 
(a) Actual feed delivered to a pen, AF 
(b) Feed rate, FR 
(c) Travelled length of pen. 
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The data display DD2 (Fig. 52) provides reading of three 
binary-coded variables : 
(a) Pen number 
(b) Bed drive setting 
(c) Ground drive setting. 
The DD2 circuit (Fig. 52) incorporates TTL BCD-to-Binary 
code converters and voltage interfaces, providing direct and 
fast code conversion with few components (Texas Instruments, 
1976a). All the outputs of the code converters are loaded with 
pull-up resistors connected to the 5-V supply. 
Data to be displayed are selected by a selector and loaded 
on the readouts' input lines by tri-state gates. The specified 
readouts incorporate in one package an internal latch and a 
decoder-driver (Texas Instruments.. 1976b)» The data displays 
can be turned off to decrease current requirements. 
Power supplies 
Control circuits mounted in the vehicle are powered by 
five power supplies. Distributed power supplies are used to 
prevent noise interference and propagation between the circuits, 
to meet specific voltage requirements and to reduce capactive 
loading associated with large and long supply rails (National 
Semiconductor, 1975a, 1375b; Lancaster, 1977). The power sup­
plies are described in Appendix I. 
Figure 52. Schematic diagram of data display DD2 for pen 
number, bed drive and ground drive settings 
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Bipolar memories, and data displays operate from separate 
5-volt power supplies. CMOS control circuits operate from two 
12-volt power supplies. The 12-volt circuits require voltage 
translation to gain TTL and bipolar memory compatibility; how­
ever, the 12-volt supply yields faster operation, increased 
drive capability and better noise performance over the 5-volt 
supply (Blandford and Bishop, 1974b; Lancaster, 1977). 
Logic integrated circuits generate noise when switching 
from one state to another and draw a heavy current spike from 
the power supply lines. These narrow spikes must be kept from 
upsetting other stages (Lancaster, 1977). Local capacitors, 
called despiking capacitors, have to be used to suppress cur­
rent spikes by momentarily providing energy during transitions. 
Despiking capacitors have not been specified for the con­
trol circuits, although actual circuits require them. Small 
ceramic disc capacitors in the 0.1 to 0.01]iF range must be used 
for every four TTL gate packages and for every two TTL MSI 
packages (Lancaster, 1974). Each bipolar memory requires a 
O.luF capacitor for each power supply line (Lancaster, 1978b). 
Although they have a high immunity to supply- and ground-
line noise (Boaen, 1973), CMOS circuits should be despiked 
(Lancaster, 1977). Ceramic disc capacitors rated at O.lyF are 
recommended for every six packages (Lancaster, 1977) . 
254 
DISCUSSION AND CONCLUSION 
Discussion 
Pen identification system 
The proposed pen identification system is based on pulse-
code modulation techniques and uses low-frequency binary FM 
transmission. At present, no other such system is known to be 
used to identify pens or cattle. The transmitted pen number is 
recovered by specialized communication circuits and validated. 
The identification system should have good immunity from errors 
due to electrical interference and noise. The formatted 
binary-coded pen number provides a degree of error detection; 
the data word must be correctly framed by start and stop bits. 
Also, the parity or count of the number of I's in the code 
must be even. A validated received word must meet the demand­
ing conditions imposed for a correct frame and be sequentially 
transmitted without error at least two times. Thus, for 
electrical interference to alter a transmitted word, the noise 
must occur in a pattern that is itself correct or modifies the 
transmission so as to maintain a correct format. 
Field data are not available on the reliability of the 
suggested identification system. Street (1979) has reported a 
new automatic identification system for animals that uses PCM 
technique and AM transmission, and is otherwise similar to the 
system developed in this research work. As an indication of 
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reliability, 156 0 cow-identities were received without error 
during a trial, with data being transmitted only once (Street, 
1979). Long-term evaluation of this system is still in prog­
ress, but the preliminary data provide some clues about the 
reliability of the pen identification system presented in this 
work. Reliability of the pen identification system is expected 
to be high and is enhanced by retransmission of the coded 
number. 
The new animal identification system reported by Street 
(1979) modulates the amplitude of a high-frequency carrier wave 
to transmit the code. The AM transmitter circuit is simpler 
and requires less power compared to a low-frequency FM trans­
mitter. The use of this system to identify pens should be 
investigated when it becomes commercially available. 
Delivery of small quantity of feed 
The suggested feeding logic circuits presented in Figures 
36 and 37 implement the flow diagram "Feeding mode" (Fig. 15) 
that governs feed distribution to pens in any quantity, whether 
it is small or large. The feeding vehicle will deliver very 
small amounts of feed per unit of feedbunk length for the pens 
holding few cattle, especially if the feedbunk is long. In dry 
regions and for small quantities of feed, the proposed feeding 
scheme might cause some feed loss because the feed could dry 
and lose its palatability before it is eaten, or cattle might 
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not get all the feed sparsely spread over the entire length of 
the feedbunk (Elam and Grainger/ 1977). The circuit presented 
in Appendix J overcomes this potential feeding problem. In 
effect, it detects pens requiring small quantities of feed and 
forces the logic control system to use a preset feed rate so 
that feed is delivered over a shorter section of the feedbunk. 
Remote control of vehicle 
Remote control of the automated feeding vehicle may be 
desirable so that an operator in the feedlot can interrupt the 
vehicle operation either to verify the operation of the system 
and make adjustments or to prevent a hazardous or unsafe situa­
tion from developing. The circuits controlling the vehicle 
hydraulic drives (Fig. 48) have provision for remote control. 
Remote control can be used to start the vehicle in the forward 
direction, move the vehicle back to the feedmill or to stop it. 
It can be implemented with multi-channel digital radio equipment 
of the type used to control miniature aircraft. 
Adaptation of control system to feedlots 
The digital control system can feed up to 255 pens located 
on both sides of a single feeding path (Fig. 1). The control 
system may be adapted to an oval path or loop with minor modi­
fications. Most commercial feedlots, however, include many 
roads and feeding loops- The proposed control system will work 
equally well in a feedlot having several feeding paths or loops, 
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by using rail switches and installing markers BGNP and ENDP at 
the proper locations. An automated feeding system consisting 
of a rail feeding vehicle and rail network might prove too 
expensive and complex and operate no more inefficiently than 
trucks in such feedlots. Warnock (1977) has shown that the 
layout of most feedlots does not lend itself to efficient use 
of labor, energy and equipment and indicated that their layout 
must be rationalized to achieve optimal utilization of resources 
in distributing feed to cattle. This conclusion applies equally 
to trucks and automated guided feeding vehicles. 
The digital control system can also be adapted to control 
two or more feeding vehicles carrying the same feed rations. 
Each vehicle would be equipped with feed conveyor drives and 
be sequentially unloaded. The drives of each vehicle would be 
operated by the proposed control system by multiplexing their 
control lines. The ground drive would be mounted on the lead 
self-propelled vehicle, the other vehicles being towed. This 
multiple-unit operation is possible by using multiplexers and 
slightly modifying the circuits receiving the pen number. 
The development and design of the digital control system 
did not consider any specific feeding vehicle. Basic specifi­
cations of existing prototype vehicles were retained for design 
but time-dependent characteristics such as acceleration, 
deceleration and response of hydraulic drives affect the design 
of the control system. The control circuits, however, include 
adjustments, such as variable time delays and pulse rates, to 
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accommodate different vehicle dynamic responses. 
Microprocessor control 
The control scheme and digital electronic control system 
developed to automate feed distribution in feedlots is imple­
mented with a fairly large number of integrated chips although 
most of them are medium- or large-scale integrated chips. Such 
a large and complex circuit will be difficult to debug and 
modify. Recent and rapid advances in microprocessor and micro­
computer technology, show capability of circumventing this 
problem. 
The microprocessor makes practical the direct application 
of computer method to dedicated process control under field 
conditions (Larsen et al., 1975; Elias, 1979). Previous work 
has demonstrated the feasibility of full-scale programmable 
controllers to automate agricultural and industrial processes 
(Olver et al., 1976; Puckett and Olver, 1977; Elias, 1979). 
The programmable controller is basically a control-oriented 
microprocessor that solves logic algorithms and Boolean equa­
tions in sequential order. Furthermore, it interfaces directly 
with mechanical sensors and loads such as solenoids. First 
models were designed to replace relays in industrial controls. 
In recent years.- sophisticated programmable controllers that 
have both logic and mathematical capabilities, have appeared on 
the market. These models compare two numbers, make the conver­
sion from the binary code to the BCD code and vice-versa, and 
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have RAM and PROM memories. They also incorporate power sup­
plies, battery backup for RAM memories and built-in aids to 
simplify debugging and trouble shooting (Elias, 1979). Program­
ming of controllers is easy and can be altered without re­
wiring. The program is preserved in case of power failure. 
The programmable controller appears to be ideally suited 
to implement the control scheme developed to automate a feeding 
vehicle. A controller able to perform mathematical and logical 
operations and having memories can eliminate most digital chips. 
Only the circuits to receive and decode the transmitted pen 
number would then be retained. The feeding data stored in 
EPROMS (Fig. 33b) would be stored in RAM memories having 
battery-backup circuits, and could be altered by using the 
programming keyboard in the controller. The modern program­
mable controller would permit the operator to implement and 
refine the control scheme within a short period and to interface 
with peripheral equipment such as a printer and a video screen. 
Conclusion 
A control scheme and a digital control system to automate 
feed distribution in feedlots were developed in this investiga­
tion. The digital control system is based on a rail-guided, 
self-propelled, driverless automatic vehicle capable of 
delivering feed sequentially to 255 pens located on both sides of 
a single feeding path. The control system continuously monitors 
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the operation of its logic circuits, the functions of the feed­
ing vehicle, and several safety parameters in order to achieve 
a safe and predictable operation. It provides interaction with 
an operator and can be converted to manual operation. The 
feeding data of each pen are stored in memories that are repro-
grammed to account for new feed demands or rations by growing 
cattle. 
The proposed automated feed distribution system for feed-
lots meets the objectives of this research work and can be 
adapted to existing commercial feedlots. It is expected to: 
1. reduce labor and management requirements through 
automatic distribution of feed to cattle raised in 
pens, 
2. increase efficiency of feeding operation by elimina­
ting time losses associated to secondary transfer, 
3. eliminate damage to feedbunks through positive 
guidance of vehicle by irails, and 
4. save energy by reducing travel time per trip through 
larger loads and through eliminating secondary feed 
transfer. 
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SUGGESTIONS FOR FUTURE STUDY 
Results of this investigation suggest the following areas 
for future study: 
1. Construction of a prototype of the proposed control system 
and evaluation of performance with a miniature vehicle or 
under field conditions. 
2. Modification of the pen identification system to use pas­
sive optical coding technique. 
3. Investigation of the use of a microprocessor-based con­
troller able to perform logic and mathematical operations 
and to store data. 
4. Investigation of the dynamics of a guided feed vehicle and 
development of more comprehensive circuits to control the 
vehicle. 
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APPENDIX A: 
LOW-PASS 3000-Hz FILTER 
The design of the low-pass 3000-Hz filter is presented in 
Appendix A. 
Filter Specifications 
- cutoff frequency = 3000 Hz 
- maximum passband ripple = 0.1 dB 
- stopband rejection = 32 dB 
- rejection to cutoff ratio = 4000 Hz/3000 = 1.33 
Design Parameters 
The filter order is 5 to meet the specifications (Zverev, 
1967). The Q factors and the normalized poles and zeros, fn 
and fz, are obtained from Volpe (1978) and are listed in 
Table A.1. The parameters provide a rejection of 34.55 dB in 
the stopband at 3900 Hz, which exceeds the specifications. 
Table A,1. Design parameters 
Q fn fz 
Q, = 5.688 fn, = 1.0633 fz, = 1.3481 
^ (3189.9 Hz) ^ (4044.3 Hz) 
OG = 1.146 fn^ = 0.9198 
(2759.4 Hz) 
fz, = 1.9390 
(5844.0 Hz) 
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The two filter sections are elliptic or Cauer filters as 
they contain transmission zeros, with each filter section 
realized with a universal active filter ACP - 7092C. The ACF-
7092C is a state-variable, two-pole filter with highpass, low-
pass and bandpass outputs. A fourth operational amplifier is 
available to adjust the overall gain (General Instrument, 
1978) . 
Computation of Resistor Values 
The low-pass filter is shown in Figure A.l, General 
Instruments (1978) and Volpe (1978) present equations for 
determining the values of resistors needed to implement the 
low-pass filter, using the universal active filter ACF ?-
7092C. 
The resistors for each section are given in Table A.2. 
Tuning Procedure 
The low-pass filter tuning procedures are presented by 
Volpe (1978) . Resistors R7 and RB determine Q, resistors R1 
and R2 determine fn, and resistors Rll and Rl3 determine fz. 
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Table A.2. Resistor values for 3000 Hz low-pass filter 
Section 1 Section 2 
Resistor 
values 
(KO) 
= 5.688 
fn^ = 3189.9 Hz 
Qg = 1.146 
fn^ = 2759. 4 Hz 
fZj^ = 4044.3 Hz fZg = 5844 Hz 
R1 = R2^ 15.77 18.22 
R7 5.89 38.14 
R8 55.5 275.74 
Rll 100. 0 100.0 
R13 16.07 44.85 
R14 100. 0 100.0 
^For basic unity gain configuration. 
Section 1 Section 2 
RI R2 
•R13 
Rll' 
Input R8 
ICI 
RI R2 
'R8 R14 IC2 Output 
+V -V 
+V -V 
Figure A.l. 
ICI,2: ACF 7092C, Universal Active Filter 
Schematic diagram of a 3000-Hz low-pass filter 
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APPENDIX B: 
60-Hz REJECTION FILTER 
The design of the 60-Hz rejection filter is presented in 
Appendix B. 
The filter specifications are as follows: 
- center frequency, fc = 60 Hz 
- bandwidth, BW = 1.2 Hz 
- quality factor, Q = fc/BW = 50 
- stopband rejection = 60 dB 
- passband attenuation = 0 dB 
Design 
The rejection filter combines the twin "T" network and a 
high-impedance voltage follower (Fig. B.l). This circuit, 
known as the notch filter, provides a Q factor greater than 50 
and has a stopband rejection of 60 dB (Lancaster, 1976; Jung, 
1977). The junction of R^ and , which is normally connected 
to ground, is bootstrapped to the output of the follower to 
provide a high Q. 
The component values are determined with the Equations 1, 
2 and 3 : 
R^ = Rg = 2R^ (2) 
^1 = Cg = 2^ (3) 
The calculated values are indicated in Figure B.l. 
0+v 
0.1 
Output 
ICI lOM 
Input 
540pF 
Ô-V 
L—I |__ 
270pF 
ICI: LM102, Voltage Follower 
270pF 
Figure B.l. Schematic diagram of a 60-Hz rejection filter 
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APPENDIX C: 
POWER SUPPLY FOR TRANSMITTER 
The power supply presented in Figure C.l powers the 
encoder, modulator and filter circuits of the pen number 
transmitter. It consists of two voltage regulators ICI and 
IC2. 
ICI provides a single 12-V source to power the CMOS chips 
and the audio amplifier. It can deliver an output current in 
excess of 0.5 A. IC2 is a dual-tracking voltage regulator 
that provides negative and positive voltage for the filters. 
IC2 is rated at 100 mA on both supply rails. The power supply 
was designed according to standard procedures (Malmstadt and 
Enke, 1969; National Semiconductor, 1975b). 
The power supply is connected to a 120-Vac power line 
running along the feedbunks. Each transmitter requires a 
nowAT* sn7->r»1v7. 
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120Vac 
>+ Vin 
> OV 
> -Vin 
+Vin 
+V=12V 
0-V=12V 
T; 120V/28V-CT, Transformer 
Dl,2,3,4: 1N4003 
D5: V220MA2A Varistor 
ICI: LM226N, Dual Voltage 
Tracking Regulator 
IC2: LM341P-12, Voltage 
Regulator 
NE ? Neon Bulb 
Tantalum Capacitor 
+Vin 
I 
— IC2 
2^ 3 IK 
LED 
-O +Vd=12V 
-OOV 
Figure C.l. Schematic diagram of power supply for transmitter 
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APPENDIX D: 
1900 - 2350-Hz BANDPASS FILTER 
The design of the 1900 - 2350-Hz bandpass filter is pre­
sented in Appendix D. 
The filter specifications are as follows: 
- lower cutoff frequency, f1 = 1900 Hz 
- upper cutoff frequency, fu = 2350 Hz 
- center frequency, fc = /fl fu = 2113 Hz 
- bandwidth, BW = fu - fl = 450 Hz 
- percentage bandwidth = 100 BW/fc = 21.3% 
- stopband rejection: 40 dB from 3500 Hz 
Design Procedure 
A three-pole sixth-order, maximally flat bandpass filter 
meets the specifications (Lancaster, 1978); it is a Butterworth 
filter and provides an ultimate attenuation of 60 dB per decade. 
The multiple-feedback approach is used since 3 pole pairs can 
be generated with 3 operational amplifiers, 6 capacitors and 
9 resistors, since an equivalent filter designed with the state-
variable technique would have required 9 operational amplifiers 
and 24 resistors. Furthermore, the multiple-feedback filter, 
operating in the inverting mode, removes the common-mode errors 
and makes the amplifier choice less critical (Jung, 1977; 
Lancaster, 1978a). 
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The design technique used is called the cascaded pole 
synthesis. To realize the bandpass filter, three one-pole 
second-order bandpass circuits are cascaded and the poles are 
staggered. The bandpass filter circuit requires three opera­
tional amplifiers as shown in Figure D.l. 
The Q factors and center frequencies of each section are 
listed in Table D.l. 
Table D.l. Filter parameters 
Section Q fc 
(Hz) 
1 12.5 2350 
2 12.5 1900 
3 6.3 2113 
Computation of Kesistors and capacitors Values 
For design, frequency scaling and impedance scaling are 
applied to each active filter normalized to 1 ohm and 1 radian 
per second (Fig. D.la). Selecting capacitor values of 0.01 uf 
determines the impedance scaling factors. 
The resistor and capacitor values of each section are 
listed in Table D.2. 
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Table D.2. Resistor and capacitor values 
Section 1 2 3 
Q 13 13 6.5 
fc (Hz) 2350 1900 2113 
Cl^ 0.01 0. 01 0.01 
C2 0.01 0. 01 0. 01 
Rl^ 0. 262 0. 32 0. 60 
R2 165 204 95. 3 
Rl' 15 18.5 18 
R3 0. 266 0.324 0.62 
Passband gain; 5.26 5. 38 2.65 
Calculated center 
frequency (Hz) 2420 1947 2106 
''Capacitor values in microfarads. 
'^Resistor values in KSÎ. 
The input impedance of each filter section is too low and 
will cause excessive loading of the amplifiers. The input 
resistor Rl is split into two resistors Rl' and R3 to increase 
the input impedance (Fig. D.lb). These two resistors have a 
parallel equivalent of 1/2Q as in Figure D.la. The impedance 
is raised by almost x times and the gain is reduced by a 
factor of X (see equations. Fig. D.lb). The input impedance 
of each amplifier is raised to about 15K (Lancaster, 1978a). 
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A small shift of the center frequencies is caused by the 
resistors R1' and R3. The calculated center frequencies (Jung, 
1977) are listed in Table D.2. 
The insertion loss of the bandpass filter is about 18 dB; 
the cascaded gain is 80 or 38 dB. Thus, the net gain of the 
filter is 20 dB. 
Tuning Procedure 
The tuning procedure of the multiple-feedback bandpass 
filter is presented by Lancaster (1978a). 
Output 
RI: 
R2: 2Q 
(b) 
Rl' 1 ,, 
O I |—< 
Input 
AAAA J I— 
N) 
00 
W 
Output 
Rl': x/2Q 
R2; 2Q 
R3: (x - 1) JL 
2Q 
Figure D.1, Schematic diagram of sixth-order bandpass filter normalized to 1 ohm and 
1 radian per second with (a) no signal attenuation and (b) reduced gain 
and raised input impedance 
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APPENDIX E: 
LINEAR FSK DEMODULATOR 
The demodulation of the FSK modulated carrier can be 
obtained with a linear demodulator circuit based on resistor-
capacitor filter and phase-lock loop technique. 
A FSK demodulator based on the integrated circuit XR-2211 
is shown in Figure E.l. The XR-2211 accepts sine-wave input 
signals ranging from 2 mV to 3 volts MRS and outputs square-
wave signals compatible with UART. The components are speci­
fied for the receiving frequencies of 2025 and 2225 Hz, for a 
space and mark respectively. The design technique is pre­
sented by EXAR (1979). 
The FSK demodulator could replace the integrated circuits 
ICS, IC6 and IC7 and their associated components in Figure 27b. 
The third-order bandpass filter described in Appendix D is 
still required to filter the received signal. 
0.022 
0.1 VCO 
Fine Tune 
18K 14 13 
0.1 
200K 
ICI 
lOOK 
0047 
ïfV 
0.005 
lOK 510K 
OData received 
ICI: XR2211, FSK Demodulator 
Figure E.l. Schematic diagram of the XR-2211 RSK demodulator for the receiving 
frequencies of 2025 Hz and 2225 Hz 
286 
APPENDIX F: 
PULSER CIRCUIT 
The puiser generates pulses that trigger flip-flops, 
latches and counters. The puiser circuit is shown in Figure 
F.la. The circuit is based on a retriggerable multivibrator 
circuit wired for positive-edge triggering and monostable opera­
tion. When triggered, the puiser produces an output pulse of 
1-us duration (Fig. P.lb). 
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Vd 
lOK lOoF 
O * )-A/vsA-4 h-| j-m—22^ 
(a) 
> 
ICI: ^MC1A528, Dual Monostable Multivibrator 
Triggering signal at pin 4 
— 
Output pulse at pin 6 
^ *• 
Figure F.l. Schematic diagram of (a) puiser circuit and 
(b) pulse timing 
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APPENDIX G: 
SPEED DETECTOR FOR POWER PLANT 
The speed is measured by a tachometer circuit and its 
variations from the set point are monitored by comparator cir­
cuit. The speed is also measured by a variable reluctance 
magnetic pickup positioned close to a gear (Fig. G.la). The 
pickup signal is processed by the voltage-to-frequency con­
verter ICI, which generates an output voltage proportional to 
the speed of the engine (Long, 1976) and provides zero output 
at zero speed. Input signal can be 30 millivolts to 56 volts 
peak-to-peak (National Semiconductor, 1976). 
Components Cl, C2 and R1 must be determined for a specific 
application. Long (1976) presents three simple equations to 
compute the values of Cl, C2 and Rl. 
The output signal of ICI is fed into a window comparator 
circuit (Fig. G.la) consisting of two voltage comparators con­
nected in an OR configuration (Jung, 1977). The output of the 
window comparator is high if the power plant speed is within 
the operating range determined by the points LTP and UTP in 
Figure G.lb. The lower trip point, LTP, is determined by the 
resistors R3 and R4, as predicted by Equation G.l; 
LTP = Vdd §1- (G.l) 
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The simple trip point, UTP, is determined by resistors R1 
and R2 according to Equation G.2: 
UTP = Vdd II (G.2) 
The suggested speed monitoring circuit provides an output 
independent of temperature and voltage variation. 
Figure G.I. Power plant speed detector: (a) schematic 
diagram and (b) output waveform 
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O Vdd 
X X 
VRMP 
OVdd 
150K 
680K 
ICI: LM2907, Frequency to Voltage Converter 
IC2; LM3900, Quad Norton Amplifiers 
VRMP; Variable Reluctance Magnetic Pickup 
EO 
i ,  
LTP UTP 
(b) 
Ein 
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APPENDIX H: 
SPEED SWITCHES FOR CONVEYOR AND GROUND DRIVES 
Electronic speed switches are suggested to monitor con­
veyor drives #1 and #2 and the ground drive. The speed switch 
consists of a variable reluctance magnetic pickup, voltage-to-
frequency converter, voltage comparator and timing circuit 
(Fig. H.la). The output signal of the magnetic pickup can 
range from 30 millivolts to 56 volts peak-to-peak; the number 
of sprocket teeth is determined for a specific application 
(National Semiconductor, 1976). 
The equations to determine the components Rl, CI and C2 
are presented by Long (1976). The speed reference is set by 
the 1-M variable resistor in the voltage divider connected to 
the minus input of the voltage comparator IC6a. 
A timing circuit generates a delay of about 2.5 seconds to 
let the hydraulic pressure build up in the drive circuit to 
prevent false signals after a command. The tachometer circuit 
incorporates logic circuitry to inhibit any failure signal when 
the hydraulic drive does not operate. A failure signal is 
generated if the hydraulic drive is not rotating 2.5 seconds 
after reception of a command signal. 
A speed switch is required for each hydraulic drive, 
failure output signals are labeled: 
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GDF = ground drive failure 
CDFl - Conveyor #1 drive failure 
CDF2 - conveyor #2 drive failure 
The unused pins of IC4, IC6 and IC7 are not shown, as the 
unused circuits of these chips are to be used to build the two 
other tachometers. The unused pins should otherwise be grounded 
(Lancaster, 1977; Motorola, 1977). 
A drive failure indicator circuit is shown in Figure H.lb. 
Figure H.l. Speed switches for the conveyor drives and the 
ground drive; (a) circuit and (b) failure 
indicator 
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oVdd Vdd O 
2.2M 
12 IC2 ICla 
n c IClb 
10 
lOK Vdd 
o Vdd 
GDF 14 IC3a 
CDFl IC4a 
CDF2 
—15» 
IC3b 
pVdd 
O Vdd 
lOOK 
ICS IC6a 
IM lOK lOOK 
VRMP 
ICI: MC14013, Dual D Flip-Flop 
ÏC2: LM555, Timer 
IC3: MC14071, Quad 2-Input OR Gate 
IC4; MC14081, Quad 2-Input AND Gate 
ICS: LM2907, Voltage-to-Frequency Converter 
IC6; LM293, Dual Voltage Comparator 
VBMP; Variable reluctance Magnetic Pickup 
IC7: MC14049, Hex Inverter 
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IC8a 
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11 
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9 Vdd 
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IK 
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IC4b 
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Reset 
Vdd O 
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(b) 
IC8,9: MC14013, Dual D Flip-Flop 
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APPENDIX I: 
POWER SUPPLIES FOR CONTROL CIRCUITS 
Design 
The power supplies have been designed according to standard 
procedures (Malmstadt and Enke, 1969; Pujol, 1971; Blandford 
and Bishop, 1974b; National Semiconductor, 1975b). Fixed-
voltage IC regulators were specified for the power supplies, 
for they require minimal heat sinking and few or no external 
components and yet permit on-card voltage regulation (National 
Semiconductor, 1975b). Furthermore, they offer good stability 
and have internal thermal overload protection. 
All power supplies include a centertapped transformer, a 
full-wave rectifier, filtering capacitors, a voltage regulator 
and a pilot light. A master switch is needed to simultaneously 
connect and to disconnect the power supplies from the AC power 
line to prevent damage to CMOS's input protections. The power 
supplies are powered by the 120-Vac alternator driven the 
diesel engine. 
Description 
The power supply of Figure I.1 provides the positive and 
negative voltages to the operational amplifiers and voltage 
comparators, the RCV UART and its control circuit; it is rated 
at 100 mA on both supply rails. The 9-V negative supply for 
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the EPROM memories is derived from this dual voltage supply. 
The CMOS logic circuits are powered by two 12-V, 1-A power 
supplies (Fig. 1.2). The Vd supply powers most of the logic 
circuits, while the Vdd supply powers the input conditioning 
circuits. 
Two 5-V, 3-A power supplies are required for the operation 
of the logic circuitry (Fig. 1.3). The Vccl supply powers the 
bipolar memories, the memory interface circuits and the scale 
interface circuits. The Vcc2 supply powers the data display 
circuits. 
A 12-V, 1-A power supply powers the interface circuit 
driving the solenoids of the hydraulic valves (Fig. 1.4). 
Detection of Failure 
All power supplies must work properly if the control logic 
is to operate. Furthermore, any failure of a power supply must 
be detected and cause the interruption of power to all power 
supplies in order to prevent damage to inputs of CMOS chips. 
In effect, if the supply power is removed without removing the 
input signals, the input protections of CMOS chips can be 
damaged or the packages may be latched up (Lancaster, 1977). 
A power supply failure detection circuit is suggested in 
Figure 1.5. The circuit detects a failure, disconnects all 
power supplies from the AC line and causes the feeding opera­
tions to stop. The switch S is closed long enough so that all 
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voltages raise to their specified levels; the contact RYl 
closes, holding RY2 closed, and S can be released. If any of 
the five voltage supplies fails, the relay RYl releases, 
opening the contact RY2 and thus disconnecting all voltage 
supplies. 
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D1 12V 13 +V 
T1 
1000 
120Vac ICI D5 r 
-12V 
10 
11 
D4 
750 680 10 
LED 
750 
_9V 
Tl: 120V/28V-CT, Transformer 
ICI: LM226N, Dual-Voltage Tracking Regulator 
IC2; LM220-5.2, Negative Voltage Regulator 
Dl,2,3,4: 1N2069A, Diodes 
D5: V220NA2A, Varistor 
^Tantalum Capacitor 
Figure I.l. Schematic diagram of power supply for operational 
amplifier and EPROM memories 
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D1 
ICI 
12V 
lA 
— 4.7 120 Vac D3 400) 
LED 
Vdd 
IC2 12V 
IK 
4.7 
LED 
T; 120V/28V-CT, Transformer 
ICI,2: LM340K-12, Positive Voltage Regulator 
Dl,2: 1N4818, Diodes 
D3: V220NA2À, Varistor 
^Tantalum Capacitor 
Figure 1.2. Schematic diagram of 12-V, 1-A power supplies for 
CMOS logic control circuits 
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IC2 
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Cl; 6000yF Capacitor 
Tl; 120V/18V CT, Transformer 
Dl,2: 1N3570, Diodes 
D3; V220NA2A, Varistor 
^Tantalum Capacitor 
Figure 1.3. Schematic diagram of 5-V, 3-A power supplies for 
memories, interface circuits and data display 
circuits 
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Vdc O-
T 2000 
+12V 
LED 
ICI; LM340K-12, Positive Voltage Regulator 
Tantalum Caoacitor 
Figure 1.4. Schematic diagram of 12-V, 1-A power supply for 
interface circuits with valve solenoids 
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APPENDIX J: 
DETECTION OF XMIT/RCV CIRCUITS FAILURE 
The reception of wrong or invalid data is detected by the 
circuit of Figure 29, which generates a failure signal MBF3 if 
too many invalid data are received. This circuit detects in­
correct data due to noise or faulty circuits, but does not 
detect a complete failure of the circuits because such a fail­
ure prevents either data transmission or reception. 
The circuit of Figure J.l detects a failure of the XMIT 
and RCV circuits by generating a pulse at the beginning of 
reception of data by the RCV UART. The signal RDAV (Fig. 27c, 
29a) initiates data reception and triggers the timer IC2 to 
generate a pulse whose duration slightly exceeds the time 
required to receive a 12-bit word (Fig. 26). The signal DAV 
indicates that a word has been received and resets the timer 
IC2, In case of complete failure of XMIT or RCV. or both 
circuits, the DAV signal is absent and the falling edge of the 
timer output pulse is allowed to set the flip-flop IClb, which 
generates the failure signal MBF6. The failure signal MBF6 
causes the control system to exit the feeding mode and move the 
feeding vehicle to the feedmill. 
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(Fig. 29a) 
lOOK 
RADV 
(Fig. 29a) 
0.01 
MBF6 
. . r~0 Vd 
14 
R/PWR 
ICI: MC14013, Dual D Flip-Flop 
IC2: LM555, Timer 
IC3; MC14081, Quad 2-Input AND Gate 
IC4: MC14071, Quad 2-Input OR Gate 
ICS: MC14069, Hex Inverter 
Figure J.l, Schematic diagram of circuit detecting failure of 
XMIT/RCV pen number circuit 
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APPENDIX K: 
PEN REQUIRING SMALL QUANTITY OF FEED 
The circuit of Figure K.l detects the pens requiring no 
feed and those requiring a small amount of feed. The circuit 
forces the control system to use a pre-determined feed rate 
when the quantity of feed required by a pen falls below a given 
feed level. The 3-state latches IC4 and ICS hold, respectively, 
the theoretical feed rate and the preset feed rate. The logic 
circuit disables IC4 and enables ICS when feed quantity is small. 
The operator can preset the feed rate between 10 and 39 kg of 
feed per meter and set the feed level between 90 and 990 kg. 
Other feed levels and preset feed rates can be obtained by 
reprogramming the inputs of ICI, IC2, IC3, IC4 and ICS. 
The circuit shown in Figure K.l will replace directly the 
circuit of Figure 36 if operating conditions dictate its use. 
Figure K.l. Schematic diagram of circuit detecting pens 
requiring no feed or small quantity of feed 
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